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How neural stem cells maintain their self-renewal abilities and generate 
differentiated neurons is a fundamental issue in stem cell biology. Drosophila 
larval brain neuroblast has emerged as an ideal model for neural stem cell 
studies. Drosophila neuroblast divides asymmetrically to produce a self-renewing 
neuroblast and a ganglion mother cell that is committed to differentiation. The 
balance between neuroblast self-renewal and differentiation is tightly controlled 
to ensure the proper development of the central nervous system.   
    In this thesis, I will describe two novel players that regulate Drosophila 
neuroblast asymmetric cell division. The first one is a multi-protein ubiquitin 
ligase, SCFSlimb that is composed of SkpA, Cullin1, Roc1a and Slimb. The 
SCFSlimb complex inhibits neuroblast self-renewal by regulating the polarized 
localization of atypical protein kinase C (aPKC) and cell fate determinant Numb, 
as well as mitotic spindle orientation in neuroblasts. In SCFSlimb mutants, or 
nedd8 mutants in which ubiquitin-protein ligase activity is attenuated, neuroblasts 
undergo over-proliferation and display defects in asymmetric division. Similar 
phenotypes were observed in ubiquitin activating enzyme 1 (uba1) and ubiquitin-
conjugating enzyme effete (eff) mutants, suggesting a role of ubiquitination in 
regulating asymmetric division of neuroblasts. Loss of Akt, a key component of 
PI3K pathway, or Sak kinase (SAK), a known regulator of neuroblast asymmetric 
division, suppresses the neuroblast overproliferation phenotype in cullin1 mutant 
larval brains, indicating that Akt and SAK function downstream of the SCFSlimb to 
control neuroblast self-renewal. 
    The other novel player described in this thesis is Drosophila cytoplasmic 
dynein light chain 1, also named Cut up (Ctp). Ctp localizes at centrioles and 
controls the mitotic spindle orientation in neuroblasts. Ctp directly interacts with a 
centriolar protein Anastral Spindle 2 (Ana2), which inhibits neuroblast overgrowth 
by regulating the spindle orientation of neuroblasts. Ana2-dependent centriolar 
localization of Ctp is essential for its function in neuroblast spindle orientation. 
Ctp and Ana2 form a protein complex with Mushroom body defect (Mud), a 
known regulator for spindle orientation in neuroblasts. Ctp/Ana2 is important for 
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CHAPTER 1  
INTRODUCTION 
1.1 Drosophila as a model organism 
Drosophila melanogaster, commonly known as the fruit fly, has been widely used 
as a model organism in biological studies for over a century. It became one of the 
most valuable and popular organisms for genetic studies. The small size, rapid 
reproduction cycle and easy culturing of flies are great advantages for laboratory 
research. More importantly, a set of sophisticated genetic and molecular tools 
have been developed to facilitate research in flies. In 2000, the whole genomic 
sequence of Drosophila was released to the public, broadening the research in 
files into the relation to disease processes in mammals or humans. Drosophila 
contains 75% of the related sequences of all human disease genes, and an 
increasing number of fly strains have been engineered to recapitulate different 
types of human cancers (Bier, 2005). For example, many key components of 
major signal transduction pathways, such as EGFR-Ras, Wnt, PI3K-Akt, Notch, 
and Hedgehog, are highly conserved between flies and mammals and were 
originally discovered in the studies of neural development and tumorigenesis in 
Drosophila (Read, 2011). Moreover, fly-based models, ranging from cultured cell 
lines to organs to whole animals, can be effectively used for drug screening and 
testing. The powerful Drosophila genetic tools provide advantages for analyzing 
and discovering new therapeutic compounds. Therefore, Drosophila is an 
extremely attractive model to elucidate comprehensive mechanisms and identify 
key regulators that are conserved but more difficult to study directly in mammals 
and humans.  
 
1.2 Drosophila neuroblasts–a model for neural stem cell studies 
Stem cells have the ability to renew themselves and generate differentiating 
daughter cells at each division. Maintaining the balance between self-renewal 
and differentiation of stem cells is always a fundamental issue in stem cell 
biology. Two strategies, symmetric division and asymmetric division are utilized 
by stem cells for accomplishing these tasks (Fig 1). Symmetric division gives rise 
to two daughter cells with the same identity, by which the pool of stem cells can 
be expanded. On the other hand, a stem cell divides unequally to generate two 
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daughter cells with distinct cell fates, one of which retains the self-renewing 
ability, and the other cell undergoes differentiation pathway. This asymmetric 
division is particularly attractive because it allows both self-renewal and 
differentiation of a stem cell concomitantly. Understanding the underlying 
mechanisms in asymmetric division can shed valuable light on the balance 
between self-renewal and differentiation in stem cells.   
    Neural stem cells, which build up the central nervous system (CNS) and 
peripheral nervous system, are spatially and temporally controlled during the 
development of organisms. These cells are multipotent and give rise to diverse 
cell types in the nervous system. In the past few decades, the research on neural 
stem cells has been carried out in different model systems. Among them, 
Drosophila CNS is one of the most effective platforms to uncover many 
conserved key regulators and pathways in neural stem cell division. Drosophila 
neural stem cells, also called neuroblasts, delaminate from the neuroectoderm 
and undergo rounds of asymmetric division to self-renew and produce 
differentiated cells at embryonic stages (Fig 2B) (Doe and Technau, 1993; 
Buchman and Tsai, 2007). Similarly, larval central brain neuroblasts divide 
asymmetrically to produce a large number of ganglion mother cells (GMCs) 
(Chang et al., 2012). In recent two decades, remarkable mechanistic insights 
have been revealed into asymmetric division in Drosophila embryonic and larval 
neuroblasts, including basic principles of cell polarity, cell fate determination and 
spindle orientation. Similar mechanisms are found in different models of 
Figure 1: Stem cell symmetric division and asymmetric division. (A-B) A 
stem cell (SC, in green) divides symmetrically to generate two daughter cells 
with the same identity, which are either two SCs or two differentiated cells (in 
red).  (C) A stem cell divides asymmetrically to produce a self-renewing 
daughter cell and a daughter cell that is committed into differentiation process.
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mammalian stem cells/neural progenitors (Wu et al., 2008; Knoblich, 2008; 
Zhong and Chia, 2008; Gomez-Lopez et al., 2013), suggesting that the  
Drosophila neuroblast is a valuable model for neural stem cell studies.  
 
1.2.1 Drosophila neuroblasts during embryogenesis 
Drosophila embryogenesis is an excellent model system to investigate the early 
developmental processes. A fertilized egg hatches into a larva in 24 h at 25°C, 
and the embryonic development of fly has been divided into 17 stages (embryo 
stage1-embryo stage 17) for convenience (Hartenstein et al., 1995). Drosophila 
ventral nerve cord (VNC), together with the central brain, forms the CNS in the 
organism. Drosophila VNC arises from a bilateral sheet of neuroectodermal cells 
in a region known as the ventral neurogenic region (vNR, Fig 2A) of ectoderm 
(Doe and Technau, 1993). The initial embryonic Anterior-Posterior (AP) and 
Figure 2: Neuroblast asymmetric division in Drosophila embryo.  (A) 
Schematic of the ventral neurogenic region (vNR, in brown) and procephalic 
neurogenic region (pNR, in blue) within a stage 9 embryo. (B) Enlarged view of 
vNR region in Drosophila embryo. Neuroblasts delaminate from the 
neuroectoderm in vNR and divide asymmetrically to generate two distinct 
daughter cells. One of the daughter cells retains the self-renewing ability and 
becomes a neuroblast; the other is ganglion mother cell (GMC) that is 
committed to differentiation process.  
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Dorsal-Ventral (DV) polarized patterning subdivide the vNR cells into 
checkerboard like groups called neural equivalence groups, each of which 
contains five to six neuroectodermal cells with the same competence (Skeath 
and Thor, 2003). Only one of the cells in each proneural cluster becomes a 
neuroblast, a phenomenon called neuroblast delamination. Genetic studies 
indicated that the formation of neuroblasts in the proneural cluster is regulated by 
the expression and function of the achaete-scute (ac/sc) complex, composing the 
proneural genes: achaete (ac), scute (sc), asense (ase) and lethal of scute (l’sc) 
(Skeath and Carroll, 1992). The Notch signaling pathway could repress the 
expression of ac/sc genes and meditate neuroblast formation through a process 
called lateral inhibition (Bray, 1998; Heitzler et al., 1996). The proneural genes 
promote the expression of Delta, a transmembrane ligand that can bind to Notch 
receptor on adjacent cells. This further leads to the cleavage of Notch into 
NotchINTRA (Notch intracellular domain).  NotchINTRA is subsequently translocated 
into the nucleus and interacts with downstream transcriptional repressors in the 
nucleus, causing an inhibition of the expression of ac/sc genes (Artavanis-
Tsakonas et al., 1999; Egger et al., 2008). Thus, the cell in the proneural cluster 
that initially has high expression of proneural genes or Delta retains the proneural 
genes expression and acquires the neuroblast fate while the surrounding cells 
eventually have the expression of proneural genes repressed and lose their 
potential to become neuroblasts. 
    Totally 30 neuroblasts delaminate from the neuroectoderm in each thoracic 
and abdominal hemisegment. Each neuroblast is specified by its positioning, 
timing and genes that it expresses at birth. The newly born neuroblast undergoes 
rounds of asymmetric cell division to generate a self-renewing daughter cell and 
Figure 3: Temporal neuroblast progression in Drosophila embryonic 
VNC. Neuroblasts sequentially express the transcription factors from Hb, Kr, 
Pdm, Cas and Grh. GMCs and their progeny express the transcription factor 
present at the time of the GMC’s birth.
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a GMC. The GMC will usually divide one more time to generate two neurons or 
glia (Bossing et al., 1996; Schmidt et al., 1997). A temporal cascade, including 
five transcriptional factors from hunchback (hb), Kruppel (Kr), POU domain 
protein 1/2 (Pdm), castor (cas) to grainy head (grh), is expressed subsequently in 
neuroblasts and specifies the temporal identity of the GMCs (Fig 3) (Brody and 
Odenwald, 2000; Isshiki et al., 2001; Egger et al., 2008). The transcriptional 
factor expressed in the neuroblast is inherited by the GMC at birth and 
maintained by the GMC and its neuronal progeny in the lineage. Therefore, Hb 
positive cells are always in the deep layer, whereas the Kr, Pdm, and Cas 
positive neurons are found on more superficial layers (Fig3) (Isshiki et al., 2001; 
Brody and Odenwald, 2000). The temporal regulation of neuroblasts and GMCs, 
together with the spatial positioning, makes each neuroblast lineages unique in 
the hemisegment. 
 
1.2.2 Central brain neuroblasts during Drosophila larval development 
Central brain neuroblasts, which delaminate from the procephalic neurogenic 
region (pNR, Fig 2A) of the ectoderm, do not show a repeating pattern as the 
VNC hemisegment during embryogenesis. This is probably due to the massive 
morphogenetic movements that happen during gastrulation in the head region 
where the pNR is localized (Younossi-Hartenstein et al., 1996; Schmidtott et al., 
1994). However, 40 molecular markers that are expressed by 34 genes specify 
the fates of around 100 neural stem cells in either side of the pNR (Sprecher et 
al., 2007; Urbach and Technau, 2003), indicating that each central brain 
neuroblast also acquires a unique fate, like VNC neuroblasts.  
Drosophila embryonic neuroblasts undergo limited rounds of asymmetric 
division. Each embryonic neuroblast divides a few times (up to 12 times) and a 
thoracic hemisegment containing 30 neuroblasts will finally produce ~350 
postmitotic neurons. The size of neuroblast decreases dramatically following 
each division and after a few divisions the neuroblast will be too small to divide 
further. At the end of embryonic stages, most embryonic neuroblasts undergo 
either apoptosis or a mitotic silence known as quiescence (Fuse et al., 2003). 
Drosophila Larval brain neuroblasts originate from postembryonic neuroblasts 
(Ceron et al., 2001; Truman et al., 2004). Embryonic neuroblasts exit from 
quiescence at the early first instar larval stage, and this process is stimulated by 
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extrinsic and intrinsic cues (Britton and Edgar, 1998a). Quiescent neuroblasts 
exhibit a size (3~4 μm) similar to the surrounding neurons, whereas a 
proliferating neuroblast owns a diameter around 10~12 μm (Chell and Brand, 
2010). The fat body in Drosophila larva senses the amino acids in the food and 
secrets a mitogen called Fat Body-Derived Mitogen (FBDM) to mediate the cell 
growth in quiescent neuroblasts (Britton and Edgar, 1998b). Glial cells function 
downstream of the FBDM to activate the Insulin-Akt pathway, which further 
promotes neuroblast reactivation in the larval brain (Chell and Brand, 2010; 
Sousa-Nunes et al., 2011). The second step for neuroblast reactivation is the G1 
(Gap1) to the S (Synthesis) phase transition. Two genes, anachronism (ana) and 
terribly reduced optic lobes (trol) regulate this progression. Trol controls the 
reactivation of quiescent neuroblasts while Ana maintains the neuroblasts in 
quiescent status by acting upstream of Trol (Datta, 1995; Ebens et al., 1993; 
Caldwell and Datta, 1998).  
Figure 4: Neuroblast lineages in Drosophila larval brain. (A) A dorsal view 
of Drosophila third instar larval brain which contains three main neurogenic 
regions: central brain (CB), optic lobe (OL) and ventral nerve cord (VNC). Type 
I neuroblasts (in red) and type II neuroblasts (in purple) localize at CB. (B) Type 
I neuroblasts divide asymmetrically to self-renew and produce a ganglion 
mother cell (GMC, in light red). The GMC divides one more time to generate 
neurons or glia (in grey). (C) Type II neuroblasts divide unequally to generate a 
self-renewing neuroblast and an immature intermediate neural progenitor (INP, 
in yellow). After maturation, INP (in orange) divides asymmetrically to self-
renew and generate a GMC.  
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 Drosophila larval stages take about 4-5 days at 25°C after larval hatching 
(ALH). Larval central brain neuroblasts inherit the polarized cues from embryonic 
brain neuroblasts and divide asymmetrically around 50-100 times throughout 
larval development (Chang et al., 2012; Ito and Hotta, 1992). The number of 
larval neuroblasts reactivated increases from 4-5 just after larval hatching to 
around 100 at the wandering third instar larval stage (Sousa-Nunes et al., 2011; 
Lee et al., 2006a). Unlike embryonic neuroblasts, larval neuroblasts divide to 
generate larger lineages of neuronal progeny, and in each division the newly 
generated neural stem cell regain the size of the mother neuroblast (Ito and 
Hotta, 1992). This makes larval neuroblasts as an ideal model for asymmetric 
division and neural stem cell study. Embryonic neuroblasts divide perpendicularly 
to the neuroectoderm; the side closest to the epithelial is named as apical cortex 
while the opposite side is called basal (Kaltschmidt et al., 2000). However, 
asymmetric division in the larval brain neuroblasts does not have a fixed 
orientation; the apical and basal sides in larval neuroblasts are defined by the 
asymmetrically localized proteins. For instance, polarized localization of Bazooka 
(Baz) in a larval neuroblast represents the apical side in the neuroblast.  
 
1.2.3 Neuroblast lineages in Drosophila central brain 
More interestingly, neuroblasts in larval central brain have been divided into at 
least two types of lineages: type I neuroblast lineages and type II neuroblast 
lineages, based on differences of the gene expression and progeny types (Fig 4) 
(Homem and Knoblich, 2012). A type I neuroblasts express Ase, a proneural 
gene that encodes a nuclear transcriptional factor, and cytoplasmic or basally 
localized Prospero (Pros). Type I neuroblast undergoes asymmetric division to 
generate a self-renewing neural stem cell and a GMC with nuclear Ase and Pros 
(Fig 4B). Type II neuroblasts, however, do not express Ase and Pros and divide 
unequally to generate a neuroblast and a small daughter cell called an 
intermediate neural progenitor (INP; Fig 4C). The new-born INP is immature and 
expresses neither Ase nor Pros. A matured INP is Ase positive but Pros 
negative, and it can go on several rounds of asymmetric divisions, each time 
generating a self-renewing INP and a GMC (Boone and Doe, 2008; Bello et al., 
2008; Bowman et al., 2008). Therefore, a type II neuroblast generates a larger 
lineage than a type I neuroblast in Drosophila larval brain due to the limited self-
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renewal capability of INPs. There are eight type II neuroblast lineages in each 
brain hemisphere. Six of them localize at the dorsomedial (DM) larval brain lobe 
named DM1-DM6, and the other two localize at the dorsoanterior lateral (DAL) 
region (Boone and Doe, 2008).  
    The development of Type II neuroblast lineages in Drosophila mimics that of 
mammalian neural stem cells, which contain transit-amplifying (TA) cells 
(Nakagawa et al., 2007). Therefore, the research in Drosophila type II neuroblast 
lineages provides insight into the study of mammalian neural lineages. Earmuff 
(Erm), which is a homolog of the vertebrate Fezf (Forebrain embryonic zinc-
finger family) transcription factors, functions specifically in INPs (Weng et al., 
2010). Loss of Erm in type II neuroblast lineages fails to maintain the cell fates of 
INPs, and some INPs can dedifferentiate back into a neuroblast state (Weng et 
al., 2010). Erm acts upstream of the cell fate determinate Pros and antagonizes 
Notch signaling to restrict the potential of INPs (Weng et al., 2010). Another 
transcriptional factor Pointed P1 (PntP1), which belongs to the E26 
transformation-specific (Ets) transcriptional factors family, has been shown to 
suppress Ase in type II neuroblast lineages and promote the generation of INPs 
(Zhu et al., 2011). Moreover, a recent study demonstrated that most INPs 
sequentially express three transcription factors in an order from Dichaete (D), a 
SOX (Sex determining region Y-box)-family transcription factor, to Grh, and 
ultimately to Eyeless (Ey), a PAX6 (Paired box 6)-family transcription factor. 
These three factors specify the temporal identity of INPs in a “feed-forward 
activation/feedback repression” pattern. These findings might shed some light on 
the roles of mammalian SOX2 and PAX6 in neural diversity in the human brain 
(Bayraktar and Doe, 2013).  
 
1.2.4 Drosophila optic lobe neuroblasts development during larval stages 
Drosophila optic lobe neuroblasts, different from central brain neuroblasts and 
VNC neuroblasts derived from the ectodermal placodes during larval life 
(Hofbauer and Camposortega, 1990). Two types of neural progenitors have been 
identified in the optic lobe, neuroepithelium (NE) cells and neuroblasts (Egger et 
al., 2007). NE cells undergo symmetrical division to expand the pool of stem cells 
at early larval stages and later switch to asymmetrically dividing neuroblasts 
(Egger et al., 2010; Egger et al., 2007). Notch signaling regulates the progression 
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from NE cells to neuroblasts, and the Fat-Hippo and JAK-STAT (Janus kinase 
and Signal Transducer and Activator of Transcription) pathways control the 
differentiation of NE cells by modulating Notch signaling (Reddy et al., 2010; 
Egger et al., 2010). The conversion from symmetric division to asymmetric 
division in Drosophila optic lobe progenitors mimics the neurogenesis process in 
mammalian system, making it a suitable model to investigate the two types of 
divisions in stem cell biology. 
 
Figure 5: Asymmetric protein localization in mitotic larval brain 
neuroblast. Apical (in green) and basal (in red) proteins localize 
asymmetrically in neuroblasts at metaphase. The apical Baz-aPKC-Par6 
complex is required for establishing cell polarity, and the Gαi-Pins-Loco 
complex at the apical side regulates the spindle orientation. These two 
complexes are linked by Inscuteable. The basal protein complexes (Mira-Pros-
Brat and Pon-Numb) control differentiation of the daughter ganglion mother 
cell independently of each other. Centrosomes and centrosomal proteins are 
in purple. —  indicates direct interaction; → indicates positive regulation; ┬ 
indicates positive regulation. 
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1.3 Asymmetric cell division in Drosophila neuroblast 
Numerous studies have proved the remarkable conservation of mechanisms 
between flies and mammals during the development of the nervous system 
(Gonzalez, 2013; Read, 2011). Drosophila neuroblast is an ideal model to study 
asymmetric division of neural stem cells, providing the first glimpse into the 
mechanisms of asymmetric division for mammalian neural progenitors. To date, 
much of knowledge about the regulation of asymmetric division is gleaned from 
the research in Drosophila neuroblasts. In only two decades, several 
fundamental pathways and a set of central players in asymmetric division are 
discovered in Drosophila neural stem cells and later on found evolutionary 
applicable in mammalian system (Homem and Knoblich, 2012; Gomez-Lopez et 
al., 2013). These regulators can be further subdivided into three categories 
based on their functions in: 1) Establishment of cell polarity by apical proteins; 2) 
Asymmetric localization and segregation of basal proteins; 3) Proper mitotic 
spindle orientation (Fig 5).  
 
1.3.1 Establishment of  the cell polarity by apical proteins  
Embryonic neuroblasts inherit the polarity from the neuroectoderm during 
delamination and divide unequally to segregate the asymmetric proteins into 
different daughter cells. The evolutionary conserved Par (partitioning defective) 
protein complex, consisting of Baz, aPKC and Par6, is the first entity appearing 
on the apical cortex of neuroblasts (Suzuki and Ohno, 2006). These proteins 
govern the unequally localization of basal proteins and proper spindle orientation 
during neuroblasts asymmetric division. In the absence of any component of the 
complex, the basal cell fate determinants become mis-localized, and the mitotic 
spindle orientation becomes randomized (Wodarz et al., 2000; Wodarz et al., 
1999; Petronczki and Knoblich, 2001). 
    Baz is a large protein over 150 kilodalton (KDa), consisting of three PDZ (Post 
synaptic density protein, Drosophila Discs large tumor suppressor, and Zonula 
occludens-1 protein) domains (Kuchinke et al., 1998). The PDZ domains are 
important for the cortical localization of Baz and recruitment of other proteins. In 
baz mutant neuroblasts, the asymmetric localization of Par6 or aPKC is disrupted 
and becomes cytoplasmic. However in aPKC or par6 mutant neuroblasts, Baz is 
asymmetrically localized or partially delocalized to the cytoplasm (Petronczki and 
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Knoblich, 2001; Wodarz et al., 2000; Rolls et al., 2003). Therefore, Baz is likely 
the most upstream protein in the apical complex. Baz interacts with the kinase 
domain of aPKC to facilitate the phosphorylation of the cell fate determinant 
Numb by aPKC in neuroblasts (Wodarz et al., 2000; Betschinger et al., 2003).  
    Par6 is a relatively smaller protein containing a single PDZ domain in the 
complex. Polarized localization of Par6 depends on the asymmetric localization 
of both Baz and aPKC (Rolls et al., 2003; Petronczki and Knoblich, 2001). The 
PB1 (Phox and Bem1) domain of Par6 forms a dimer with the PB1 domain of 
aPKC to suppress the kinase activity of aPKC. During neuroblast mitosis, the cell 
cycle regulator Aurora kinase-A (Aur-A, see chapter 1.3.4) could phosphorylate 
Par6 at its PB1 domain to release its inhibition on aPKC, and further activate 
aPKC (Wirtz-Peitz et al., 2008). Par6 also contains a Cdc42/Rac interactive 
binding (CRIB) domain, which could bind to the Rho GTPase Cdc42 (Cell 
division control protein 42) (Atwood et al., 2007). Par6 and aPKC became mis-
localized when overexpression of a Dominant-Negative (DN) form in neuroblasts. 
Therefore, the interaction between Pra6 and Cdc42 is likely important for the 
recruitment of Par6/aPKC at the apical cortex (Atwood et al., 2007).  
    The atypical PKC functions as the effector in this complex. It is the first protein 
identified as a proliferation factor in neuroblasts self-renewal. In aPKC mutants, 
there are fewer neuroblasts in per brain lobe compared to wild type and the 
neuroblasts stop dividing prematurely to generate smaller lineages (Lee et al., 
2006b; Rolls et al., 2003). On the contrary, overexpression of aPKC-CAAX, 
which contains CAAX (C is the cysteine; A is any aliphatic amino acid; X is 
enzyme determined amino acid (Casey and Seabra, 1996) prenylation motif and 
targets aPKC to the cell cortex, resulted in a dramatic increase of neuroblasts 
numbers in larval brains (Lee et al., 2006b). These data suggested that aPKC 
activity in the neuroblasts must be accurately controlled during asymmetric cell 
division. aPKC directly phosphorylates Mira and Numb to regulate their 
asymmetric localization in neuroblasts (Atwood and Prehoda, 2009; Wirtz-Peitz 
et al., 2008; Smith et al., 2007). The tumor suppressor Lgl (Lethal (2) giant larva) 
acts as an inhibitor of aPKC. In lgl mutant, aPKC was weakly critical localized, 
leading to a neuroblast overproliferation phenotype. Loss of aPKC function could 
suppress the ectopic neuroblasts in lgl mutant background, indicating that Lgl 
regulates neuroblast self-renewal through aPKC (Lee, Robinson et al. 2006). 
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aPKC, however, could phosphorylate Lgl to exclude Lgl from the apical cortex in 
neuroblasts (Betschinger et al., 2003). Lgl is uniformly expressed in neuroblasts 
and associates with aPKC and Par6. Aur-A-mediated phosphorylation on Par6 
releases Lgl from the complex, making Baz capable to bridge aPKC and Par6, 
which facilitates the phosphorylation of Numb by aPKC (Smith et al., 2007; 
Betschinger et al., 2003; Wirtz-Peitz et al., 2008). These results suggested an 
antagonistic relationship between aPKC and Lgl in regulating neuroblast 
asymmetric division. In addition, a transcriptional factor Zinc-finger protein (Zif) 
has been shown to regulate aPKC expression in neuroblasts. Zif directly binds to 
the promoter region of aPKC gene and represses the transcriptional levels and 
protein abundance of aPKC. Uniformly cortical localized aPKC and ectopic 
neuroblasts were observed in zif mutant clones, and these phenotypes could be 
significantly suppressed by removing one copy of aPKC gene in zif mutant 
clones, suggesting that Zif functions upstream of aPKC to inhibit neuroblast 
overgrowth (Chang et al., 2010). More interestingly, Zif requires the 
phosphorylation by aPKC to retain its localization in the cytoplasm and become 
inactive in neuroblasts (Chang et al., 2010). Therefore, the mutually interplay 
between Zif and aPKC is critical for proper activity of aPKC in neuroblast 
asymmetric division. 
    Taken together, the apical Par complex regulates the basal protein localization 
through the kinase activity of aPKC while aPKC is dynamically controlled by the 
cell cycle regulators such as Aur-A. In this way, the Par complex sets up the cell 
polarity in the neuroblast spatially and temporally. 
 
1.3.2 Asymmetric localization and segregation of basal proteins   
At the telophase of asymmetric division, a neuroblast segregates the apical 
proteins such as the Par complex into the future neuroblast daughter, and the 
GMC/INP inherits the proteins localized at the basal side of the mother 
neuroblast. Three basal proteins, Numb, Pros and Brain tumor (Brat) have been 
identified as cell fate determinants in neuroblasts (Lee et al., 2006c; Skeath and 
Doe, 1998; Li and Vaessin, 2000; Doe et al., 1991). 
    Numb was identified as a cell fate determinant in Drosophila sensory organ 
precursor (SOP) cells where it was asymmetrically segregated into one of the 
daughter cells. Numb contains a phosphotyrosine-binding domain (PTB) at its 
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amino-terminus. Numb inhibits the Notch signaling pathway by binding to the 
intracellular domain of Notch (NotchINTRA) and promoting the endocytosis of 
NotchINTRA (Skeath and Doe, 1998). The role of Numb being a cell fate 
determinant in CNS is quite similar to that in peripheral nervous system. The 
GMC in CNS divides asymmetrically to generate two siblings with different cell 
fates. Numb localizes at the basal side of the GMC and is segregated unequally 
to one of the siblings. In the absence of Numb, the GMC produces two daughter 
cells with the same identity (Knoblich et al., 1995; Cayouette and Raff, 2002). 
Moreover, Numb functions as a tumor suppressor in neuroblast self-renewal. 
Supernumerary neuroblasts were observed in numb mutant clones or upon 
Numb knock-down by RNAi (Wang et al., 2006b; Bowman et al., 2008; Lee et al., 
2006c). 
    Partner of Numb (Pon) was uncovered by a yeast two-hybrid screen searching 
for proteins that were associated with Numb. This protein interacts with Numb 
directly, and loss of Pon in neuroblasts causes a delay of Numb crescent 
formation (Lu et al., 1998). The Serine 611 (Ser611) site on Pon, which can be 
phosphorylated by the Polo kinase, is critical for the localization of Numb in the 
neuroblasts (Wang et al., 2007). Thus, Pon seems to function as a regulatory 
partner of Numb in the neuroblasts. 
  The second cell fate determinant Pros was identified through a screen 
searching for mutants that affected the fates of GMCs in Drosophila embryos. 
Embryos lacking pros expression showed changes of gene expression in GMCs 
(Doe et al., 1991). Pros is a homolog of ProX1 (Prospero homeobox 1) family 
and functions as a transcriptional factor (Li and Vaessin, 2000; Doe et al., 1991). 
It is expressed in the cytoplasm of neuroblasts until metaphase, and once it is 
segregated into the GMC, it goes into the nucleus and regulates the expressions 
of downstream genes in GMC. In pros mutants, the cell fate of the GMC is 
altered, and the GMC becomes a neuroblast-like cell which can also self-renew, 
as a consequence, neuroblast overproliferation phenotype was observed in pros 
mutant clones (Doe et al., 1991; Choksi et al., 2006; Bello et al., 2006). More 
interestingly, analyzing the targets of Pros in the neuroblasts suggested that it 
could suppress the genes controlling cell cycle and activate the genes that 
promote GMC differentiation (Choksi et al., 2006; Li and Vaessin, 2000). Hence, 
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Pros acts as a binary switch between self-renewal and differentiation in 
neuroblasts (Choksi et al., 2006).  
    Cell fate determinant Brat contains two B-box zinc-finger motifs, a coiled-coil 
domain, and an evolutionarily conserved NHL (NCL-1, HT2A and Lin-41) domain 
(Lee et al., 2006c). In embryos that lacked both maternal and zygotic Brat, RP2 
(Raw prawns 2) motor neurons, which are two siblings of EL (eve-lateral)-GMC 
lineages, are missing. On the contrary, overexpression of Brat in embryos 
generated excess RP2 neurons. These results suggested that Brat determines 
the cell fates in GMCs(Betschinger et al., 2006). In brat mutant larval brains, a 
massive neuroblast overproliferation phenotype was observed because the 
GMCs became neuroblast-like cells and kept self-renewing (Bello et al., 2006; 
Betschinger et al., 2006; Lee et al., 2006c), indicating a role of Brat in inhibiting 
neuroblast self-renewal. The phenotypes observed in brat mutants are highly 
similar to those in pros mutants. In fact, brat, pros double mutant embryos almost 
completely lost the EL neuron lineages. Overexpression of Pros largely rescued 
the neuroblast overproliferation phenotype in brat mutant clones (Betschinger et 
al., 2006; Lee et al., 2006c). In brat mutants, Pros failed to localize to the basal 
cortex of neuroblasts and the protein levels of Pros decrease dramatically in the 
larval brains (Lee et al., 2006c; Bello et al., 2006). These data implied that Brat 
regulates neuroblast proliferation and GMC cell fates by functioning upstream of 
Pros. 
    The basal localization of both Brat and Pros requires their adaptor protein 
Miranda (Mira) (Lee et al., 2006c; Fuerstenberg et al., 1998; IkeshimaKataoka et 
al., 1997). Mira was uncovered by a yeast two-hybrid screen searching for 
binding partners of Pros (IkeshimaKataoka et al., 1997). Further domain analysis 
showed that the C-terminal Mira is essential for its cargo binding and release 
while the N-terminus of Mira is required for its proper basal localization 
(IkeshimaKataoka et al., 1997). Both Brat and Pros bind to the cargo binding 
domain of Mira (405-830 amino acid, [aa]), and in mira mutant neuroblasts, Brat 
and Pros are mis-segregated into two daughter cells (IkeshimaKataoka et al., 
1997; Fuerstenberg et al., 1998). In GMCs, Mira is degraded, and Pros is 
released from Mira to nucleus to promote the expression of neuronal genes 
(IkeshimaKataoka et al., 1997; Lee et al., 2006c).  
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    In neuroblasts, the asymmetric localization of Mira is modulated by the apical 
complexes, as in the mutants such as inscuteable (insc) or aPKC, Mira was 
distributed homogeneously throughout the cell cortex (Rolls et al., 2003; Schober 
et al., 1999). Early studies proposed that aPKC regulates the polarized 
localization of Mira by releasing nonmuscle Myosin II from Lgl, and Myosin II 
might function on the cytoskeleton in the neuroblasts to prevent Mira binding to 
the apical side (Betschinger et al., 2003). However, recently there is evidence 
showing that aPKC can phosphorylate Mira directly to exclude Mira from the 
apical side in neuroblasts (Atwood and Prehoda, 2009).  
    In summary, the proper localization and functions of the basal protein 
complexes in neuroblasts are critical for the fate determinations in GMCs. In the 
absence of the cell fate determinants or other proteins which are critical for the 
localization and activity of the cell fate determinants, the balance of self-renewal 
and/or differentiation of neuroblasts is disrupted, which could lead to uncontrolled 
proliferation and/or aberrant terminal differentiation in the larval brains. aPKC 
directly phosphorylates the cell fate determinant (Numb) and the adaptor protein 
(Mira) to control their basal localization, indicating that the asymmetric 
localization of basal proteins is monitored by apical protein complexes.  
 
1.3.3 Mitotic spindle orientation of neuroblast 
The alignment of apical-basal polarity axis with mitotic spindles is referred to as 
spindle orientation in larval neuroblasts. Correct spindle orientation in neuroblast 
is essential to position the cleavage furrow during cytokinesis and ensures the 
exclusive segregation of apical or basal proteins into different daughter cells. 
Misalignment of mitotic spindles would result in mis-segregation of asymmetric 
localized proteins, leading to an overgrowth of neuroblasts in larval brains (Wang 
et al., 2011; Bowman et al., 2006). Apical protein complexes, together with 
microtubule nucleating centrosomes, govern the spindle orientation in the 
neuroblasts.  
    The apical protein Insc was the first protein uncovered to regulate neuroblast 
mitotic spindle orientation in Drosophila embryos (Kraut et al., 1996). Insc binds 
to Baz directly and is important for Baz stability without affecting its asymmetrical 
localization. In baz mutant neuroblasts, Insc is undetectable at the apical cortex 
and becomes largely cytoplasmic, indicating that Baz is critical for the 
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asymmetric localization of Insc (Schober et al., 1999). Polarized localization of 
Insc in neuroblasts requires another apical localized protein Partner of 
Inscuteable (Pins). Pins was identified as a binding partner of Insc through a 
yeast two-hybrid screen, and it interacts with the asymmetric localization domain 
(Insc: 288-497aa) of Insc (Yu et al., 2000). Pins contains multiple 
Tetratricopeptide (TPR) motifs and three GoLoco (Gαi/o–Loco interaction) 
repeats at C-terminus. In pins mutant neuroblasts, spindle orientation becomes 
randomized, and Insc is delocalized to the cytoplasm (Yu et al., 2000). On the 
other hand, Insc regulates the asymmetric localization of Pins as Pins is 
distributed throughout the cell cortex in insc mutant neuroblasts. (Yu et al., 2000). 
These observations suggested that Insc functions as a linker protein bridging the 
Par complex and Pins, and it is crucial for the maintenance/stability of Baz or 
Pins. Conversely, the asymmetrical localization of Insc depends on both Baz and 
Pins in neuroblasts.  
    A heterotrimeric G protein (guanine nucleotide-binding) α subunit (Gαi), which 
asymmetrically localizes at the apical cortex in the neuroblasts, interacts with 
Pins directly (Schaefer et al., 2001; Schaefer et al., 2000). Loss of Gαi resulted in 
similar asymmetric division defects seen in pins mutant neuroblasts. Gαi co-
localizes with Pins and their localizations are mutually dependent on each other 
(Schaefer et al., 2000; Schaefer et al., 2001). The analysis in neuroblast spindle 
asymmetry using pins or Gαi single mutants in combination with insc, baz, or 
aPKC mutants suggested that Pins and  Gαi function in the same pathway to 
regulate neuroblast spindle orientation (Yu et al., 2003; Cai et al., 2003). 
    Overexpression of the wild-type Gαi but not the active form of Gαi leads to 
defects in neuroblast asymmetric division. Ectopic expression of another G 
protein α-subunit Gαo or Loss of  Gβ13F phenocopies the asymmetric division 
defects upon the ectopic expression of wild -type Gαi in neuroblasts, suggesting 
that the phenotypes observed in Gαi overexpression are caused by the depletion 
of free Gβɣ in neuroblasts (Schaefer et al., 2001; Yu et al., 2003). Pins acts as a 
guanine-nucleotide-dissociation inhibitor (GDI) by binding preferentially to GDP- 
Gαi through its GoLoco motifs. Another GoLoco-motif containing protein 
locomotion defects (Loco) also functions as a GDI to regulate the GDP- Gαi in 
neuroblasts (Yu et al., 2005). Ric8, which could bind to GDP- Gαi and function as 
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a non-receptor guanine nucleotide-exchange factor (GEF) for Gαi, facilitates the 
asymmetrical localization of Gαi in the neuroblasts (Wang et al., 2005).  
    The TPR domains and GoLoco motifs of Pins could interact with each other, 
making Pins in a “closed” structure and inactive. The Pins intermolecular 
interaction competes against Gαi, and the binding between Gαi and Pins at the 
GoLoco motifs of Pins opens its structure and makes it active (Nipper et al., 
2007). Active Pins could interact with Mushroom Body Defect (Mud) directly 
through TPR domains and recruit Mud to the apical side (Siller et al., 2006; 
Nipper et al., 2007). Drosophila Mud is a homolog of the mammalian NuMA 
(Nuclear mitotic apparatus protein), which is critical for aster formation and 
stability of microtubules in mammals (Du et al., 2001). Mud localizes at both the 
apical side and centrosomal regions in neuroblasts, and is important for proper 
spindle orientation (Siller et al., 2006; Izumi et al., 2006; Bowman et al., 2006). 
Pins and Gαi control the apical localization of Mud in neuroblasts without 
affecting the distribution of Mud on centrosomal regions. However, in mud mutant 
neuroblasts, Pins or Gαi is localized asymmetrically (Siller et al., 2006). 
Therefore, Mud functions downstream of the Pins/Gαi complex to control the 
spindle orientation in neuroblasts. The other pathway that modulates neuroblast 
spindle orientation is composed of Pins, Gαi and the tumor suppressor Discs 
large (Dlg) (Matsumine et al., 1996; Siegrist and Doe, 2005). Dlg binds to the 
Pins Linker domain, which connects the Pins TPR and GoLoco domains 
(Johnston et al., 2009). A plus-end-directed microtubule motor protein Khc73 
(kinesin heavy chain 73) interacts with Dlg to control spindle orientation through 
regulating Pins cortical polarity in neuroblasts (Siegrist and Doe, 2005). 
Therefore, Pins regulates neuroblast spindle orientation by interacting with 
downstream Mud or Dlg. A recent study in induced polarized S2 cells indicated 
that the dynamics between Pins/Mud interaction and Pins/Dlg interaction are 
modulated by Insc as Insc inhibits the Pins-Mud binding and promotes Pins-Dlg 
binding during neuroblast mitosis (Mauser and Prehoda, 2012).  
    Taken together, these findings indicated that Pins is the key apical protein to 
regulate neuroblast spindle orientation through two downstream pathways (Mud 
and Dlg).  
 
1.3.4 Cell cycle regulators that act as brain tumor suppressors  
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Increasing evidence suggests the roles of cell cycle regulators in monitoring 
neuroblast asymmetric division. Two cell cycle related kinases have been well 
characterized in Drosophila neuroblasts: Aur-A kinase and Polo kinase 
(Archambault and Glover, 2009; Wang et al., 2007; Wang et al., 2006b; Vader 
and Lens, 2008; Lee et al., 2006a). Loss of Aur-A or Polo leads to a massive 
growth of neuroblasts in larval brains (Wang et al., 2006b; Wang et al., 2007). In 
aur-A mutant larval neuroblasts, aPKC is delocalized to the entire cortex and the 
asymmetric distribution of Numb is largely disturbed (Lee et al., 2006a; Wang et 
al., 2006b). Moreover, Aur-A direct phosphorylates Par6 at interphase, which 
facilities the formation of the Baz/Par6/aPKC complex and is essential for aPKC-
mediated regulation on Numb (Wirtz-Peitz et al., 2008). Aur-A likely regulates 
mitotic spindle orientation by controlling the apical localization of Mud, as Mud is 
distributed throughout the cell cortex in aur-A mutant neuroblasts (Wang et al., 
2006b; Lee et al., 2006a). Polo kinase controls Numb asymmetry by 
phosphorylating on Pon, the binding partner of Numb. The serine residue 611 
(Ser611) on Pon can be phosphorylated by Polo in vivo, which is important for 
the polarized localization of Pon and Numb in neuroblasts. In addition, Polo is 
required for the proper localization of aPKC and correct spindle orientation in 
neuroblasts, suggesting that Polo inhibits neuroblast self-renewal through 
regulating the localization/activity of Numb and the orientation of mitotic spindles 
(Wang et al., 2007).  
    Given the critical roles that protein kinases (Aur-A, Polo, aPKC) play in 
neuroblast self-renewal and differentiation, it is likely that protein phosphatases 
could regulate neuroblast homeostasis by counteracting the activities of these 
kinases. Surprisingly, Protein phosphatase 2A (PP2A) loss-of-function mutants 
result in supernumerary neuroblasts in Drosophila larval brains (Wang et al., 
2009; Chabu and Doe, 2009). PP2A is a conserved serine/threonine 
phosphatase that functions as a heterotrimeric complex comprising a catalytic C 
subunit (Microtubule star; Mts), a scaffolding A subunit (PP2A-29B) and one of 
the variable regulatory B subunits – Twins (Tws), Widerborst (Wdb), B56-1 and 
PR-72. The A subunit of PP2A bridges the catalytic subunit and the B subunits 
which provide the substrate specificity (Janssens and Goris, 2001). In PP2A 
mutants, the asymmetric localization of aPKC, Pon and Numb was disrupted, 
and spindle mis-orientation phenotype was observed (Wang et al., 2009). PP2A 
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regulates the expression of Polo in neuroblasts as the transcriptional levels and 
protein abundance of Polo were dramatically decreased in PP2A mutants. 
Overexpression of Polo could suppress the neuroblast overgrowth phenotype in 
PP2A mutants (Wang et al., 2009). These findings indicate that PP2A inhibits 
neuroblast self-renewal by functioning upstream of Polo. On the other hand, 
PP2A could negatively regulate aPKC activity by associating with Par6 and 
dephosphorylating Par6 against Aur-A (Ogawa et al., 2009). In addition, PP2A 
interacts with Baz via its catalytic subunit (Mts) and dephosphorylates Baz at the 
conserved serine 1085, which is important for the proper cell polarity in 
embryonic neuroblasts (Krahn et al., 2009). Moreover, PP2A can directly 
dephosphorylate Numb to facilitate its function in repressing neuroblast self-
renewal (Ouyang et al., 2011a). 
    Another protein phosphatase reported to mediate neuroblast asymmetric cell 
division is protein phosphatase 4 (PP4). Loss of Falafel (Flfl), a regulatory 
subunit PP4, leads to a mis-localization phenotype of the basal protein complex 
including Mira and its cargo proteins Pros, Brat and Staufen (Stau) in 
metaphase/anaphase neuroblasts (Sousa-Nunes et al., 2009). Flfl interacts with 
Mira, indicating that Flfl might target PP4 to Mira complex for its proper 
association/asymmetrical localization during neuroblast asymmetric division 
(Sousa-Nunes et al., 2009).  
    Taken together, these findings revealed that cell cycle regulators such as 
protein kinases and phosphatases, could control asymmetric division and/or 
function as the brain tumor suppressors. 
 
1.4 Disruption of neuroblast asymmetry and the formation of brain tumor 
Tumorigenesis is a process that normal cells are transformed into cancer cells. It 
is accompanied by a progression of changes on cellular and genetic levels and 
results in uncontrolled cell division, and finally leads to a massive growth of 
tissues (Sarasin, 2003). Tumor formation has been thought to be caused by 
accumulated mutations of genetic material in normal cells. Genes responsible for 
cell proliferation and differentiation must be altered during the mutation process 
in order to turn a normal cell into a cancer cell (Loeb et al., 2003; Schottenfeld 
and Beebe-Dimmer, 2005). These genes are mainly categorized into two groups: 
oncogenes that have elevated expression in tumor cells to promote the 
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proliferation in tumors and tumor suppressor genes that inhibit the cell 
proliferation in the normal cells (Croce, 2008). A recent model known as Cancer 
Stem Cell proposes that, like the normal tissues which consist of stem cells and 
non-stem cells, the tumor cells are derived from a small population of cancer 
stem cells that are tumorigenic, in contrast to the non-tumorigenic cells in this 
population. Cancer stem cells exhibit stem cell-like characteristics and have the 
ability to self-renew and produce different types of cells in the population (Wicha 
et al., 2006). This model, although controversial, does not contradict with the 
earlier model and is supported by several studies in developmental biology.  
    The Cancer Stem Cell hypothesis suggests that the control of proliferation and 
maintenance of stem cell pluripotency are crucial for preventing tumor formation 
in the tissues. Drosophila larval brain neuroblast has emerged as a great model 
to recapitulate the transition from a well-regulated stem cell to a cancer-like stem 
cell. Self-renewal and differentiation are tightly controlled and well balanced in 
Drosophila neuroblasts by a set of intrinsic regulators to make sure the proper 
number of neuroblasts and the correct amount of differentiated cells (refer to 
section 1.3). Disruption of cell polarity or impairment of asymmetric cell division 
could break such balance and result in neuroblast overgrowth and aberrant 
terminal differentiation. The stem cell overproliferation phenotype can be clearly 
observed in the mutants that are defective in asymmetric division (aur-A, mts, 
brat, pros, etc.) by comparing the larval neuroblast numbers in the mutants with 
wild type (Lee et al., 2006a; Wang et al., 2006b; Wang et al., 2009; Choksi et al., 
2006; Betschinger et al., 2006).  For instance, loss of Aur-A in neuroblasts leads 
to mis-localization of apical aPKC, basal Numb and Mira, as well as severe 
mitotic spindle defects. As a consequence, asymmetric division in aur-A mutant 
neuroblasts is largely disrupted, and both daughter cells from one neuroblast 
division are capable to self-renew (Wang et al., 2006b; Lee et al., 2006a). At 96 h 
ALH, the number of neuroblasts in aur-A mutant larval brains is around five times 
as that in wild type, suggesting a massive neuroblast overproliferation phenotype 
(Wang et al., 2006b). In addition, neuroblast overgrowth in the mutant larval 
brains is often accompanied with an increasing number of cells that are positive 
for cell cycle markers such as Cyclin E (CycE), phosphor-Histone 3 (pH3) and so 
on, and the brain size is usually enlarged in the mutants that have 
supernumerary neuroblasts (Wang et al., 2006b; Betschinger et al., 2006; Wang 
21 
 
et al., 2009). Further, the brain size in aur-A or mts mutants is a few times bigger 
than that of wild type (Wang et al., 2006b; Wang et al., 2009). These 
observations suggest a link between the failure of neuroblast asymmetric division 
and tumorigenesis in Drosophila brain tissue.  
    More directly, implantation of the mutant brain tissues that are deficient for 
known asymmetric division regulators (Pins, Lgl, Mira, etc.), or cell fate 
determinants (Brat, Numb and Pros) into a wild type host leads to tumor 
formation (Caussinus and Gonzalez, 2005). The transplanted cells in the tumors 
become immortal and can proliferate almost infinitely (Caussinus and Gonzalez, 
2005). Likewise, brain tissues from the mutants which displayed neuroblast 
overgrowth phenotypes and/or asymmetric division defects, such as aur-A, polo, 
sas4 (Spindle Assembly abnormal 4), and ana2 (Anastral Spindle 2) could induce 
tumor formation in the allograft-transplantation assays (Castellanos et al., 2008). 
This further indicates that disruption of asymmetric division in neural stem cell 
could lead to the formation of malignant tumor (Caussinus and Gonzalez, 2005). 
    Studies in the past few decades have identified several essential regulators 
during neuroblast asymmetric division. Mechanistically, neuroblasts might start 
neoplastic growth due to the failure to achieve polarized distribution of 
asymmetric proteins, the lack of cell fate determinants that promote 
differentiation, or mis-orientation of the mitotic spindle. 
 
1.4.1 Disruption of the cell polarity could cause neuroblast overgrowth 
As introduced in section 1.3.1, the cell polarity of neuroblasts is controlled by the 
apical Par complex. In the mutants (baz, aPKC, Par6 and insc mutants) that the 
asymmetric localization of Par complex is disturbed, the basal proteins are often 
mis-localized in the neuroblasts. As a consequence, apical and basal proteins 
are mis-segregated into both daughter cells, which could produce two stem cell-
like daughter cells in one division. A good example of this case is the aPKC 
protein. In the absence of aPKC, neuroblasts enter the cell cycle arrest 
prematurely, resulting in fewer neuroblasts in the mutant larval brains (Rolls et 
al., 2003). Overexpression of a membrane-targeted form of aPKC, aPKC-CAAX, 
caused cortical localization of aPKC at metaphase neuroblasts and a neuroblast 
overproliferation phenotype in larval brains (Lee et al., 2006b). The cortical 
localized aPKC upon aPKC-CAAX expression is likely to be segregated to both 
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daughter cells, making them indistinguishable from each other and capable of 
self-renewal. Similar aPKC-delocalization phenotype is observed in several 
mutants (aur-A, polo, mts, lgl and etc.) which exhibited neuroblast overgrowth 
phenotype (Lee et al., 2006b; Wang et al., 2006b; Wang et al., 2009; Lee et al., 
2006a), suggesting that the disruption of aPKC polarity can result in the hyper-
proliferation of neural stem cells.  
   
1.4.2 Loss of basal cell fate determinants could result in neuroblast 
overgrowth and abnormal GMC differentiation 
Cell fate determinants (Numb, Pros and Brat) specify the cell fates of the GMCs 
in Drosophila neuroblasts. In numb, brat or pros mutants, GMC fails to proceed 
into differentiation process; as a result, it is often transformed into a stem cell-like 
offspring which obtains the capability to self-renew. In this case, neuroblast 
overproliferation occurs at the expense of neuronal cells in the neuroblast 
lineages (Lee et al., 2006c; Doe et al., 1991; Knoblich et al., 1995). For example, 
in pros mutant clones, neuroblast divides unequally to generate two daughter 
cells that both are positive for neural stem cell markers Dpn, Worniu (Wor) and 
Mira, and the neuroblast lineage contains much fewer differentiated neurons 
compared with wild type neuroblast lineage (Choksi et al., 2006).  In addition, the 
allograft assays showed that the brain tissues from all the cell fate determinants 
mutants can induce tumor formation (Caussinus and Gonzalez, 2005). These 
findings suggested that loss of basal cell fate determinants could result in 
neuroblast overgrowth and abnormal GMC differentiation. 
 
1.4.3 Spindle orientation and tumorigenesis 
Proper mitotic spindle orientation ensures the correct segregation of the apical 
and basal proteins during neuroblast asymmetric cell division. Improper 
alignment of mitotic spindles could result in mis-segregation of asymmetrically 
localization proteins and lead to neuroblast overgrowth (Siller et al., 2006; 
Bowman et al., 2006; Wang et al., 2011). pins mutant brain tissues display tumor 
activities in the transplanting assay, although there is no significant neuroblast 
overgrowth phenotype in pins mutant larval brains (Caussinus and Gonzalez, 
2005; Lee et al., 2006b). However, loss of Pins could dramatically enhance the 
neuroblast overproliferation phenotype in lgl mutant larval brains, implying a role 
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of Pins in suppressing neuroblast self-renewal (Lee et al., 2006b). Moreover, a 
recent study showed that under a dietary restriction or in Phosphatidylinositide 3-
kinase (pi3k) mutants, pins mutant larval brains exhibited a neuroblast 
overproliferation phenotype and obtained higher malignancy in the allograft 
experiments (Rossi and Gonzalez, 2012). These findings suggest that Pins itself 
could function as a tumor suppressor in neuroblast self-renewal while some 
factors related to the energy stress response function synergistically with Pins to 
suppress neuroblast overgrowth in larval brains.  
    Mud functions downstream of Pins/Gαi to control neuroblast spindle 
orientation. Loss of Mud caused a neuroblast overgrowth phenotype in the larval 
brains, without affecting the cell polarity in the neuroblasts (Siller et al., 2006; 
Izumi et al., 2006; Bowman et al., 2006). Symmetric division happened in mud 
mutants when the spindle was nearly orthogonal with the cortical polarity axis. As 
a result, the apical and basal proteins were equally segregated into two daughter 
cells, making the two daughter cells indistinguishable and capable to self-renew 
(Bowman et al., 2006; Siller et al., 2006). This could explain the neuroblast 
overproliferation observed in mud mutants. 
    Besides apical proteins, centrosomal proteins play a significant role in 
regulating spindle orientation. Loss of either PCM proteins or centriolar proteins 
leads to spindle orientation defects in neuroblasts. The functions of centrosomal 
components in controlling neuroblast spindle orientation and asymmetric division 
is discussed in section 1.5.1.  
 
1.5 The role of centrosomal protein complexes in regulating neuroblast 
spindle orientation and self-renewal 
The centrosome, serves as the main Microtubule organizing center (MTOC) of 
the animal cell, is an organelle that plays a key role during cell division. A 
centrosome consists of two centrioles, surrounding by an amorphous mass of 
protein called pericentriolar material (PCM) (Rieder et al., 2001). During 
asymmetric cell division of neuroblast, the centrosome undergoes the same 
process as other cells: it replicates at the S phase in the cell and during mitosis, 
one of the centrosomes moves to the opposite poles of the cell to facilitate the 
spindle formation between the two centrosomes (Callaini and Riparbelli, 1990). 
Taking advantages of live imaging techniques, recent studies showed the 
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asymmetric dynamics of centrosomes during neuroblast asymmetric division. 
After the centriole duplication at interphase, the two centrioles split and are 
functionally different. Only one of the centrioles is active and retains the PCM 
materials, becoming a MTOC of the cell (Rusan and Peifer, 2007). This 
centrosome remains at the apical side and is segregated to the new-born 
neuroblast after the division. The other centriole, however, loses the PCM soon 
after division and is inactive until next mitosis. It moves extensively to the basal 
side of neuroblast and becomes stable to assemble the spindles with the other 
centrosome at the onset of mitosis (Rusan and Peifer, 2007; Rebollo et al., 2007). 
As a consequence, the spindles are assembled along the apicobasal polarity 
(Rusan and Peifer, 2007; Rebollo et al., 2007). Moreover, a recent paper 
reported that it is the mother centriole that moves to the basal side after centriole 
duplication while the daughter centriole stays at the apical side in neuroblasts 
and is inherited by the new-born neuroblast during asymmetric division 
(Januschke et al., 2011). These results suggested that, unlike most animal cells 
that the pair centrioles organize functional centrosomes and mature 
synchronously before mitotic entry, the asymmetric behavior of the two 
centrosomes in neuroblasts revealed that the spindle orientation is determined at 
an early stage of the cell cycle and regulated by the unequal centrosome 
functions.  
    Loss of either centrioles or PCM would compromise the functions of 
centrosomes in the neuroblasts, hence, in mutants that lack centrioles or PCM, 
spindle mis-orientation phenotype is often observed. As introduced in section 
1.3.4, the PCM component Aur-A and the centrosomal regulatory kinase Polo 
play critical roles in controlling neuroblast cell polarity and spindle orientation 
(Wang et al., 2006b; Wang et al., 2007; Lee et al., 2006a). Another PCM 
component, Centrosomin (CNN) has also been shown to regulate neuroblast 
self-renewal by controlling spindle orientation (Megraw et al., 1999; Lee et al., 
2006b). In cnn mutant neuroblasts, microtubule dis-organization and spindle mis-
orientation phenotypes were observed, and a significant increase of neuroblasts 
numbers was observed (Megraw et al., 1999; Lee et al., 2006a). Consistently, 
mutants of several centriolar proteins including Asterless (Asl), Ana2 and Sas4 
displayed spindle mis-orientation and neuroblast overgrowth phenotypes (Basto 
et al., 2006b; Wang et al., 2011; Varmark et al., 2007). In asl mutants, 
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centrosomes are dysfunctional to form aster microtubules; while in sas4 mutants, 
centriole could not duplicate and centrosomal structures are undetectable in the 
neuroblasts. In both mutants, spindle mis-orientation phenotype of neuroblasts 
was observed, and their mutant brain tissues induced tumor formation in allograft 
assays (Varmark et al., 2007; Basto et al., 2006b; Castellanos et al., 2008). ana2 
mutant larval neuroblasts had no detectable centrosomal structures and 
displayed more severe spindle orientation defects, compared with asl or sas4 
mutants (Wang et al., 2011). Symmetric divisions and equal segregations of the 
asymmetric proteins were observed in ana2 mutants larval neuroblasts, which 
resulted in the supernumerary neuroblasts in the mutant larval brains (Wang et 
al., 2011).  
 
1.6 The role of dynein complex in spindle orientation 
Cortical protein complexes could direct the spindle position by generating a force 
between the cell cortex and spindle. Studies in other model organisms have 
indicated a role of the dynactin/dynein complex in providing a pulling force at the 
cortical aster microtubules (Pearson and Bloom, 2004). Cytoplasmic dynein is a 
minus-end direct motor in the cell, transporting its cargo proteins towards 
centrosomes along the microtubule cytoskeleton (Vallee et al., 2004). Drosophila 
cytoplasmic dynein complex is composed of two dynein heavy chains, two 
intermediate chains, and several light chains. Dynactin, known as the dynein 
activator complex, is a multi-subunit-protein complex that binds to dynein to 
assist its transportation functions (Siller and Doe, 2008). A Lis1/Dynactin/Dynein 
complex has been found to regulate mitotic spindle orientation in the neuroblasts. 
Neuroblasts in Lissencephaly-1 (lis-1) mutants and glued (a subunit of dynactin) 
mutants displayed mitotic spindle mis-orientation phenotype, without affecting the 
localization of polarized proteins (Siller and Doe, 2008). Analysis in S2 cells with 
induced cell polarity showed that the Lis1/Dynactin/Dynein complex functions 
downstream of Pins pathways to regulate spindle orientation (Siller et al., 2005; 
Johnston et al., 2009). However, in vivo functions of the dynein complex during 
neuroblast spindle orientation were not studied previously. 
 




The ubiquitin-dependent post-translational modification is a common strategy 
utilized by the cell for targeting proteins for degradation. The ubiquitin-
proteasome pathway of protein degradation consists of two steps: the covalent 
attachment of multiple ubiquitin molecules to the lysine residues of protein 
substrates and the degradation of polyubiquitylated proteins by proteasome 
complexes (Pickart, 2004; Pickart, 2001).  The ubiquitination of target proteins is 
mediated by at least three classes of proteins: a ubiquitin-activating enzyme (E1), 
a ubiquitin-conjugating enzyme (E2) and a ubiquitin ligase (E3). The ubiquitin 
molecules are activated by E1 and transferred to the target proteins by E2. E3 
ligases could catalyze the transfer from E2 to the substrates and provide the 
specificity by directly interact with various target proteins (Hershko and 
Ciechanover, 1998; Pickart, 2001). 
  In addition, a few small ubiquitin-like modifiers have been identified to 
regulate the ubiquitin proteasome pathway via different mechanisms in cells 
(Vertegaal, 2011; Deshaies et al., 2010). Among them, neddylation, a process 
mediated by Nedd8 (Neural precursor cell expressed developmentally down-
regulated protein 8), has emerged as a key regulatory pathway for ubiquitination 
(Duncan et al., 2012; Vertegaal, 2011; Deshaies et al., 2010). Nedd8 is a small 
protein with 80% homology to ubiquitin, and it is conjugated to a variety of E3 
ligases by a ubiquitin-like enzyme cascade composed of Nedd8-activating 
enzyme (NAE) AppBp1 and Uba3, E2-conjugating enzymes (UBC12, UBE2F) 
(Duncan et al., 2012; Chen et al., 2012). This conjugation is essential for the 
enzymatic activity of the CRL family of E3 ligases. For example, The Skp1–
Cullin1–F-box protein complex (SCF, also known as CRL1 standing for Cullin1 
RING ligase) contains a small RING protein Roc1, which binds to the C-terminal 
Cul1 and E2s (Deshaies et al., 2010). Skp1 binds to the N-terminus of Cul1 and 
interacts with various F-box proteins which target the substrates (Deshaies et al., 
2010). CAND1 (Cullin-associated and neddylation-dissociated 1) functions as a 
negative regulator of SCF by associating with deneddylated Cullin-RING 
complexes and preventing the interaction between Cul1 and Skp1 (Deshaies et 
al., 2010; Duncan et al., 2012). Neddylation of Cul1 by Nedd8 dissociates 
CAND1, allowing the assembly of an active ubiquitin ligase and subsequent 
substrate ubiquitination (Duncan et al., 2012; Deshaies et al., 2010).  
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  Mammalian genome contains hundreds of different E3-encoding genes to 
control the protein degradation in many cellular processes. By contrast, there are 
only a few E1 and E2 enzymes in the system (Metzger et al., 2012; Bassermann 
et al., 2013). Similarly, in Drosophila, there are various E3 ligases, but only one 
E1 named Uba1 (Ubiquitin activating enzyme 1) and several E2s (Watts et al., 
2003; Kuo et al., 2006a). They have been shown to regulate diverse processes 
such as cell death, neurogenesis, and tissue growth (Kuo et al., 2006a; Watts et 
al., 2003; Lee et al., 2008; Bergmann, 2010). For example, Uba1 and an E2, 
UBCD1 (Ubiquitin conjugating enzyme 1, also known as Effete) have been 
shown to regulate the DIAP1 (Drosophila Inhibitor of apoptosis 1), which binds 
directly to caspases and inhibit them to control the caspase cascade (Lee et al., 
2008; Kuo et al., 2006a; Bergmann, 2010). Moreover, an F-box protein Morgue is 
also involved in regulating the protein abundance of DIAP1 (Hays et al., 2002). 
These results suggest a role of Drosophila E1, E2 and E3 in controlling cell death 
pathway. Moreover, Drosophila Nedd8 controls the activity of E3 ligases in many 
pathways such as the Hedgehog (Hh) signaling pathway, the Wnt/Wg signaling 
pathway and the cell death pathway (Ou et al., 2002; Ou et al., 2007; 
Christiansen et al., 2013). For example, Nedd8 modulates the activity of Cul1-
based E3 ligase in Drosophila imaginal discs, which regulates the protein levels 
of Cubitus interruptus (Ci), the effector of the Hh pathway (Ou et al., 2002). 
These findings indicate that the ubiquitin proteasome system (UPS) between 
mammals and flies is highly conserved and plays critical roles in many biological 
processes.   
  Based on the homology domains, the E3 ligases can be categorized into two 
major classes, the HECT (homologous to E6-AP C-terminus) family E3 ligases 
and the RING (really interesting new gene) family E3 ligases (Metzger et al., 
2012). HECT E3 ligases contain the conserved HECT domain at the C-terminus. 
The N-terminal domains of HECT E3 ligases are diverse and responsible for 
recognizing various substrates (Metzger et al., 2012; Bassermann et al., 2013). 
RING E3 ligases typically contain a RING finger domain,  which is composed of a 
series of specifically spaced cysteine and histidine residues that facilitate the E2-
mediated ubiquitination (Bassermann et al., 2013; Metzger et al., 2012). RING 
E3 ligases can function as monomers, dimers or multi-subunit complexes 
(Metzger et al., 2012). Among them, the SCF complex and the anaphase 
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promoting complex/cyclosome (APC/C) complex are two of the best studied 
multi-subunit RING ligases. 
    SCF E3 ligases regulate many biological processes by targeting various 
proteins for degradation. Mammalian SCFβ-TrCP (β-TrCP: beta transducing repeat-
containing protein) is one of the earliest and best examples of SCF E3 ligases. 
Many key proteins in diverse pathways such as β-catenin, IκB, PDCD4 
(programmed cell death protein-4) and EMI1 (early mitotic inhibitor 1), have been 
identified as the substrates of SCFβ–TrCP (Hart et al., 1999; Frescas and Pagano, 
2008; Guardavaccaro et al., 2003; Margottin-Goguet et al., 2003; Dorrello et al., 
2006). For example, β–TrCP could bind to β-catenin through its WD regions 
which are important for substrate reorganization, and control the protein levels of 
β-catenin. This suggests that SCFβ–TrCP could target β-catenin, an important 
factor in Wnt (Wingless and Int1) signaling pathway for degradation (Hart et al., 
1999; Nakayama and Nakayama, 2005). More interestingly, Slimb 
(Supernumerary limbs), the Drosophila homolog of mammalian β–TrCP, 
functions similarly to β–TrCP in regulating various processes such as cell cycle, 
cellular components localization, cell signaling, apoptosis and rhythmic process 
in flies (Jiang and Struhl, 1998a; Smelkinson et al., 2007; Cunha-Ferreira et al., 
2009; Chiu et al., 2008; Grima et al., 2012). For instance, the fly homolog of β-
catenin, Armadillo (Arm) interacts with Slimb and is targeted by SCFSlimb for 
degradation (Jiang and Struhl, 1998a). In slimb mutants, the protein levels of Arm 
are highly increased, and subsequently caused ectopic expression of Wingless 
(Wg) responsive genes (Jiang and Struhl, 1998a). These results indicated that 
the SCF E3 ligases have conserved roles between mammals and flies.  
  The APC/C ligase consists of thirteen different subunits and plays an important 
role in cell cycle regulation (Bassermann et al., 2013). It regulates multiple 
cellular processes such as DNA replication, centrosome duplication, mitotic 
spindle assembly and chromosome separation during mitosis by associating with 
two co-activators, cell division cycle homologue 20 (CDC20) and FzR1 (fizzy/cell 
division cycle 20 related 1) at defined stages of cell cycle (Bassermann et al., 
2013; Metzger et al., 2012; Slack et al., 2007b).  APC/C has been shown to 
regulate asymmetric localization of Mira and its cargo proteins during neuroblast 
asymmetric division (Slack et al., 2007b). Mira is ubiquitylated through its C-
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terminal domain which contains an APC/C destruction motif (Slack et al., 2007b). 
The ubiquitination on Mira is important for its polarized localization during 
neuroblast asymmetric division, and attenuation of APC/C activity in neuroblasts 
displayed a Mira-delocalization phenotype similar to mira mutants in which the C-
terminal Mira is dysfunctional (Slack et al., 2007b).  These results indicated a role 
of the APC/C complex as well as the protein ubiquitination in regulating 
neuroblast asymmetric division. On the other hand, the SCFFbw7 complex has 
been shown to regulate the maintenance and differentiation process of the neural 
progenitors in mice by antagonizing Notch and c-Jun (Hoeck et al., 2010; 
Matsumoto et al., 2011). Loss of Fbw7 in mouse brains caused severe stem cell 
differentiation defects and increased progenitor cell death (Hoeck et al., 2010; 
Matsumoto et al., 2011). These results suggest a role of the SCF ligases in 
controlling neural development. However, the key regulators and mechanisms of 
the SCF ligases in neuroblast asymmetric division remain largely unknown. 
 
1.8 Objectives 
Drosophila larval brain neuroblast has emerged as an ideal model to investigate 
the mechanisms of asymmetric division of neural stem cells. Previous studies in 
embryonic neuroblasts have revealed several key regulators responsible for the 
setting up of cell polarity, proper spindle orientation and asymmetric segregation 
of polarized proteins during neuroblasts asymmetric division. Recent findings, 
taking advantages of larval brain neuroblasts, uncovered critical regulators that 
function as tumor suppressors in neural stem cells, such as Aur-A, Polo and 
PP2A. These proteins/complexes provide extraordinary insights into the 
molecular mechanisms of asymmetric division in stem cells. 
    The objective of this Ph.D. thesis project is to identify novel regulators and 
analyze the functions of these proteins in neuroblast asymmetric division. Based 
on preliminary data from a genome-wide screen, knock down of Cul1 by RNAi 
exhibited neuroblast overgrowth phenotype. Given Cul1 is the scaffold protein in 
the SCF complex, it appears reasonable to investigate the role of Cul1-based E3 
ligases in neuroblast self-renewal. The goals for this project are: 1) examine the 
roles of the other components of SCF in neuroblast self-renewal; 2) identify the 
specific F-box protein in Cul1-based SCF complex that regulates neuroblast 
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homeostasis; 3) uncover the mechanisms that Cul1 modulates neuroblast self-
renewal; 4) Investigate the functions of the substrates of Cul1-based SCF 
complex in neuroblast asymmetric division. 
    The second objective is to analyze the functions of dynein during spindle 
orientation. To uncover novel players that are important to regulate neuroblast 
spindle orientation, I conducted an in vivo RNAi screen from a collection of 
around 200 genes whose products were known to interact with the cytoskeleton. 
Among them, attenuation of a cytoplasmic dynein light chain Cut up (Ctp) by 
RNAi showed spindle orientation defects in neuroblasts. I aim to analyze the 
functions of Ctp during neuroblast asymmetric division. Therefore, the goals of 
the project are: 1) confirm the neuroblast spindle mis-orientation phenotypes by 
ctp mutations; 2) investigate the subcellular localization of Ctp in neuroblasts; 3) 
uncover the mechanisms that Ctp regulates neuroblast spindle orientation; 4) 
examine the roles of the other components of dynein complex during neuroblast 




CHAPTER 2  
MATERIALS AND METHODS 
2.1 Fly Genetics 
2.1.1 Fly stocks and growth condition  
All the fly stocks are raised at 25°C unless otherwise stated. The flies are fed 
with standard food (0.8% Drosophila agar, 5.8% Cornmeal, 5.1% Dextrose and 
2.4% of Brewer’s yeast) in the vials or bottles.  
  The flies used in this study are: ago1 (I. Hariharan), ago3 (I. Hariharan), akt1 (H. 
Stocker), akt3 (H. Stocker), ana2169; ana2719; aPKC06403 (C. Doe), cul1Ex (C.T. 
Chien), ctpexc6 (W. Chia); effD73 (M. Gatti), insc-Gal4, mud1 (L. Luo), nedd8AN105 
(C.T. Chien), ntcms771 (H. Steller), pUbiquitin-a-tubulin-GFP, roc1aG1 (R.J. 
Duronio), slimb8 (B. Limbourg-Bouchon), slimb41 (B. Limbourg-Bouchon), skp2ex9 
(A. Swan), tubulin-Gal80ts; UAS-Cul1DN (aa 1-532; J. Wong and F.Yu, 
unpublished), UAS-Flag-Cul1 (C.T. Chien), UAS-Myr-Akt (H. Stocker), UAS-
Venus-Ctp; UAS-Venus-Ctp-CAAX; type II neuroblast driver (w; UAS-Dicer 2, 
wor-Gal4, Ase-gal80/CyO; UAS-mCD8-GFP/TM3, Ser; J.A. Knoblich). 
ubcD1s1782, ubcD2k13206, and ubcD10BG00902 mutants were obtained from Kyoto 
Drosophila Genetic Resource Centre. The following fly stocks were ordered from 
Bloomington stock center: cul1EY11668, Dhc64C4-19, skpA1, slimb00295, ubc94-3 and 
uba1s3484. The RNAi lines used in this study were obtained from Bloomington 
stock center and Vienna Drosophila RNAi Center (VDRC), including ana2 RNAi 
(v44358 and v44359), aPKC RNAi (v2907), cul1 RNAi (v108558), ctp RNAi 
(v43115 and v43116), roc1a RNAi (v106315), skpA RNAi (v107815) and the 
lines listed in Table 4 and Table 5. 
 
2.1.2 Generate neuroblast clones in the larval brains 
Mutant neuroblasts clones were generated by the Mosaic Analysis with a 
Repressible Cell Marker (MARCM) system (Lee and Luo, 1999). Mutants 
carrying the mutations and FRT (FLP recombinase recombination target) 
sequence on the same chromosome arms were crossed to the corresponding 
driver. For example, FRT82B slimb8 carries a mutation on chromosome 3R will 
be crossed to FRT82B (3R) drivers on day 0 and the female flies were allowed to 
lay eggs at 25°C for 24 h (day 1). Vials/bottles with egg lay were heat-shocked at 
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37°C for 2 h once per day on day2 and day3 and aged at 25°C for around 3-4 
days. On day6-7, the third instar larvae were dissected and processed for 
immunohistochemistry. The clones were labeled by GFP-CD8 (Green 
Fluorescent Protein-Cluster of Differentiation 8; MARCM clones). The 
neuroblasts and lineages could be distinguished by size and specific markers. 
Genotypes of the MARCM drivers used: 
FRT19A driver: FRT19A tub (tubulin) -Gal80 (Galactose80) hsFLP (heat-shock 
Flipase) w; UAS-nLacZ (nuclear β-galactosidase) UAS-CD8::GFP; tub-
Gal4//Tm6B, Tb, Hu  
FRT40A driver: elav-Gal4c155 UAS-CD8::GFP hsFLP122; FRT40A tub-
Gal80/GlaBc FRT42D driver: elav-Gal4 hsFLP; FRT42D tub-Gal80; UAS-nLacZ 
UAS-CD8::GFP 
FRT2A driver: elav-Gal4 hsFLP; UAS-nLacZ UAS-CD8::GFP; FRT2A tub-
Gal80/Tm6B, Tb, Hu 
FRT82B driver: elav-Gal4 hsFLP; UAS-nLacZ UAS-CD8::GFP; FRT82B tub-
Gal80/Tm6B, Tb, Hu 
    Neuroblast clones labeled by nuclear LacZ (β-galactosidase; β-Gal) in larval 
brains can be also generated by crossing the drivers (hs-FLP; actin-FRT-y+-
FRTGal4, UAS-nlsLacZ) to the UAS lines, similarly to MARCM clones. 
      To generate clones in type II neuroblast lineages, type II neuroblast driver 
flies (w; UAS-Dicer 2, wor-Gal4, ase-Gal80/CyO; UAS-mCD8-GFP/TM3) were 
crossed to the UAS lines. The cross was raised at 25°C for 1 day, and the eggs 
were shifted to 29°C and aged to wandering third instar larvae for dissection and 
immunohistochemistry.  
 
2.2 Molecular Biology 
2.2.1 Amplify DNA products by PCR 
Polymerase Chain Reaction (PCR) was used to amplify DNA products. 
Templates for gene cloning were EST (Expressed sequence tag) obtained from 
Drosophila Genomics Resource Center (DGRC). Primers were designed based 
on information from Flybase (www.flybase.org). Expand High Fidelity (Roche) 




Figure 6: Scheme representation of the MARCM analysis.  (A-C) A 
mutant MARCM clone that is marked by GFP (in green) is generated by 
mitotic recombination. (A) The genotype of the progeny from the MARCM 
crosses. The Gal4 activity is repressed by Gal80. (B) Heat shock activates 
the FLP, which promotes the mitotic recombination in the cell. (C) Three 
genotypes can be produced after the mitotic recombination. Only the cell with 
homozygous mutation is labeled by CD8::GFP where the Gal4 repressor 
Gal80 is lost via mitotic recombination.  
CD8: Cluster of differentiation 8; Elav: Embryonic lethal abnormal vision; 
Gal4: Galactose 4; Gal80: Galactose 80; hsFLP:  Heat-shock Flipase; FLP: 
Flipase; FRT: FLP recombinase recombination target; UAS: Upstream 
activator sequence; GFP: Green fluorescent protein; tub: Tubulin.  
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2.2.2 Gel electrophoresis and gel extraction of DNA 
1% agarose gel was made to visualize DNA products or DNA purification. The 
samples were mixed with 6× loading dye (Promega) and run with 100 volts for 1 
h on the gel. For PCR products purification, DNA was extracted according to the 
instructions from Qiaquick gel extraction kit (Qiagen, Germany). 
 
2.2.3 Gateway Cloning  
Cloning in this study was done by using pENTRTM Directional TOPO® Cloning Kit 
(Invitrogen). Briefly, purified PCR products were inserted into the pENTRTM/D-
TOPO® vector, a process called Entry cloning. Correct entry vectors that contain 
target DNA fragments were selected by LB (Luria Bertani) plates with 50 μg/ml of 
Kanamycin. Destination plasmids were further generated by LR recombination 
(Invitrogen) between entry vectors and destination vectors which contain different 
promoters and tags. Correct insertions were selected by LB plates with different 
antibiotics depending on the resistant genes in the backbone of destination 
vectors. 
 
2.2.4 Transformation using E. coli cells 
The E. coli strain XL-1 Blue used throughout this study is (recA1 endA1 gyrA96 
thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIqZ∆M15 Tn10 (Tetr)]). E. coli cells 
could be either cultured in LB broth (1% bacto-tryptone, 0.5% bacto-yeast extract 
and 1% NaCl pH 7.0) or kept on LB agar plates (1.5% bacto-agar in LB broth).  
50 μg/ml of Kanamycin, 100 μg/ml of Ampicillin or 10 μg/ml of Gentamicin was 
further supplemented to the LB agar plates for different antibiotic selections. 
 
2.2.4.1 Preparation of heat-shock Competent Cells 
XL-1 Blue cells were streaked to a LB agar plate for overnight incubation. A 
single colony was picked on the next day and cultured into 3.5 ml of SOB (Super 
Optimal Broth) Medium (2% Bacto-Tryptone, 0.5% Yeast Extract, 10 mM NaCl) 
for overnight incubation (37°C, 250 rpm). The cell culture was transferred into 1 L 
of SOB and incubated at 18°C, 250 rpm for 1.5 days until OD600 of the medium 
reached between 0.4-0.7. Cells were harvested by centrifugation at 4°C at 4500 
rpm for 10 min. Cell pellet was washed and resuspended by Transformation 
Buffer (TB, 10 mM Pipes, 15 mM CaCl2, 250 mM KCl, 55 mM MnCl2, pH 6.7). 
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The medium was centrifuged at 4500 rpm for 10 min and the cell pellet was 
finally resuspended in 148.8 ml of TB, supplemented with 7% of DMSO (Dimethyl 
sulfoxide). Cells were then snap-frozen in aliquots of 200 μl and stored in -80°C 
 
2.2.4.2 Heat-shock transformation of E. coli 
Competent cells were thawed on ice, and 1-2 μl of plasmid DNA was added into 
the cells. Cells with plasmid DNA were incubated on ice for 15-30 min and heat-
shocked for 45 s at 42°C in the water bath. After heat shock, cells were 
immediately put on ice for 2 min and supplemented with 500 μl of plain LB broth 
to recover at 37°C for one hour. 10 μl of LB broth was used to resuspend the 
cells and the mixture was plated on the agar plate containing proper antibiotics.  
 
2.2.5 Plasmid DNA extraction  
A single colony was picked for culturing from the LB plate after transformation. 
The culture was incubated at 37°C with a 220 rpm shaking speed. For a small 
amount of DNA amplification (4-5 μg), 1-3 ml of medium was cultured and 
followed by plasmid DNA extraction using the QIAprep Miniprep kit (QIAGEN). 
For amplifying a large amount of DNA (more than 100μg), plasmid maxiprep of 
bacterial culture (250 ml) was carried out using Hispeed® Plasmid Maxi Kit 
(QIAGEN). The extracted plasmid DNA was further verified by DNA gel and 
sequencing.  
 
2.3 S2 cell culture and plasmid transfection 
Drosophila S2 cells were used throughout this study. S2 cells were maintained at 
25°C in a 250 ml flask (BD) with 10 ml Shields and Sang M3 insect medium (L-
glutamine and potassium bicarbonate; Sigma-Aldrich) and supplemented with 
10% fetal bovine serum (FBS; Hyclone). 
    S2 cells maintained in a flask were collected and suspended in fresh growth 
medium with a concentration of ~ 1x106 cells/ml. 1 ml of cell suspension was 
added into one well of 6-well plate (9.6cm×9.6cm, BD) for overnight incubation. 
Transfection process was conducted next day using Effectene® Transfection 
Reagent (QIAGEN) according to the provided protocol. A total amount of 0.4 μg 
plasmid DNA was mixed into 100 μl of Buffer EC (electrical conductivity) for each 
reaction. 3.2 μl of Enhancer was subsequently supplemented into the EC buffer 
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and mixed gently with the plasmid DNA. The mixture was incubated at room 
temperature for 5 min; 10 μl of Effectene was then added into and mixed gently, 
followed by 10 min of incubation at room temperature. 600 μl of cell growth 
medium were supplemented with the mixture, which was immediately transferred 




Table 1: Frequently used buffer and reagents in biochemistry 
Name of Buffer Recipes 
5× SDS gel-loading 
buffer 
0.313 M Tris-HCl (pH 6.8 at 25°C), 10% SDS, 
0.05% bromophenol blue, 50% glycerol 
1× Running buffer 
Dilute from 10× Tris-glycine electrophoresis 
(PAGE) buffer (25 mM Tris, 192 mM glycine, 0.1% 
SDS, pH 8.3) (BioRAD) 
Resolving Gels for 
SDS-PAGE (10%) 
Total volume of 10 ml for each resolving gel, 
composed of 0.43 vol. of deionized water, 0.33 vol. 
of acrylamide (BioRAD), 0.25 vol. of 1.5 M Tris (pH 
8.8, 1st BASE), 0.01 vol. 10% SDS (1st BASE), 0.01 
vol. 10% ammonium persulfate (APS ,BioRAD), 
0.0008 vol. TEMED (BioRAD). 
Stacking gels for SDS-
PAGE 
Around 4 ml in total for each gel, containing 0.68 
vol. H20 (deionized), 0.17 vol. 30% acrylamide, 
0.125 vol. 1.0 M Tris (pH 6.8), 0.01 vol. 10% SDS, 
0.01 vol. 10% APS, 0.001 vol. TEMED. 
Western transfer 
buffer, pH 8.3 
1× transfer buffer was made consisting of 2 5mM 
Tris, 192 mM glycine and 10% or 20% methanol. 
The 1×Tris-Glycine buffer was diluted by deionized 
water from 10×Tris-Glycine stock (1st BASE) 
Immunoprecipitation 
(IP) lysis buffer 
25 mM Tris pH8/27.5 mM NaCl/20 mM KCl/ 25 mM 
sucrose/10 mM EDTA/10 mM EGTA/1 mM DTT/ 
10% (v/v) glycerol/0.5% Nonidet P40) 
RIPA buffer 50 mM Tris HCl pH 7.5,  150 mM NaCl, 1 mM 
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EDTA, 1% Triton X-100,  0.5% sodium 
deoxycholate, 0.1% SDS 
1×Tris-buffered saline 
(TBS) 
1 ×TBS were diluted by deionized water from the 
20 ×TBS stock (1st BASE; 0.5M Tris Base, 2.8M 
NaCl, 0.06M KCl) 
TBST 1×TBS, 0.1% Triton X-100 
Blocking solution 5%  skimmed milk powder 
 
2.4.1 Western blot 
2.4.1.1 Protein sample collection 
Drosophila larval brains or S2 cells were lysed and homogenized in RIPA buffer, 
supplemented with fresh Proteases inhibitors (Complete, Boeringher; PMSF 10 
g/ml, Sodium orthovanadate 10 g/ml). For each 40 μl of RIPA (Radio-Immune 
Precipitation Assay) buffer, around 20 μg of protein extracts were mixed with 10 
μl of 5 × SDS gel-loading buffer. The mixture was then boiled at 95°C for 5 min or 
at 85°C for 15 min. Boiled samples were saved at -20°C. 
 
2.4.1.2 Electrophoresis of SDS-PAGE and western transfer 
The protein sample was loaded on SDS-PAGE gel in a minigel apparatus 
(BioRAD). The gel was firstly electrophoresed at 80 voltages (V) for 30 min and 
switched to 100 V for 2 h. A Hybond C-extra nitrocellulose (Amersham) 
membrane was used to transfer the proteins on the PAGE. Western transfer was 
carried out in a Trans-Blot Electrophoretic transfer cell (BioRAD) at 100 V for 1.5 
h on ice or at 30 V overnight (12-16 h).  
 
2.4.1.3 Immuno-blotting and detection 
Transferred membrane was immediately moved into the blocking solution for 45 
min at room temperature or overnight at 4°C. After blocking, primary antibodies 
were incubated with the membrane for 2 h at room temperature or overnight at 
4°C. The membrane was then washed for 3 times (10 min per wash) by TBST 
(1×TBS, 0.1% Triton X-100). Depending on the species of primary antibodies, 
anti-mouse, anti-guinea pig, anti-rat or anti-rabbit IgG antibodies coupled with 
HRP (Immuno Jackson) were used as secondary antibodies to incubate the 
membrane for 45 min at room temperature. After secondary incubation, 3 
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washes (10 min per wash) were performed and signals indicating antibodies-
bounded proteins on the membrane were detected by chemiluminescence using 
the ECL system (Amersham).   
 
2.4.2 Co-immunoprecipitation assay using S2 cells or larval brains 
100 larval brains or 80 g S2 cells were collected and homogenized with IP lysis 
buffer supplemented with fresh Proteases inhibitors. The supernatants were pre-
cleared by 20 μl of protein A/G beads for 30 min (Pierces) at 4°C, followed by 
overnight antibodies incubation at 4°C. 35 μl of protein A/G beads were then 
added into the sample for 2 h of incubation at 4°C. The beads were washed with 
IP lysis buffer once and cold PBS 4 times on ice. 10 μl of 5× SDS gel-loading 
buffer was added to beads to make a final volume of 50μl supernatants. Beads 
and supernatants were boiled and saved at -20°C. Bound proteins were 
separated by SDS-PAGE and analyzed by western blotting. 
 
2.5 Immunohistochemistry and imaging 
Table 2: Commonly used buffer and reagents for the immuno-staining 
Buffer name Recipes 
1×Phosphate Buffer 
Saline (PBS) 
1×PBS was diluted by deionized water from 10× 
PBS stock (1st BASE, 1.37 M NaCl, 27 mM KCl and 
100 mM phosphate Buffer 
1×PBST 
1×PBS, supplemented with 0.3% Triton X-100 unless 
otherwise specified 
Blocking Buffer 
3% of bovine serum albumin (BSA) was dissolved in 
1×PBST 
Fixing buffer (3.7% 
formaldehyde)  
50 μl 37% formaldehyde with 450 μl of PBST for per 
reaction. Freshly prepared for each use   
TO-Pro3 DNA dye 
a dilution of 4000~5000 from the original stock 
(Molecular Probes) for per reaction  
Mounting Medium 90% glycerol, 0.1% 1,4-phenylenediamine 
 
2.5.1 Antibodies used in the study 
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The primary antibodies used in this study were: rabbit Ana2 (1:100); rabbit anti-
HA (1:2000, Sigma); mouse anti-Myc (1:2000; Sigma); guinea pig anti-Dpn 
(1:1000, J. Skeath); guinea-pig anti-Numb (1:1000, J. Skeath); mouse Mira 
(1:50); rat CD8 (1:250, Caltag laboratories); rabbit Akt (1:100, Cell signaling); 
rabbit p505-Akt (1:50, cell Signaling) rabbit Asense (1:1000, Y.N. Jan); rabbit 
anti-aPKCζ C20 (1:100, Santa Cruz Biotechnologies); rabbit Inscuteable 
(1:1000); mouse dMyc (1:5, B. Edgar); rat anti-Elav (1:10, Developmental 
Studies Hybridoma Bank (DSHB)); mouse anti-Pros (1:10, DSHB); mouse CycE 
(1:10, H. Richardson); rabbit p-H3 (1:200); rabbit anti-Pins (1:200); rabbit anti-
Bazooka (1:1000, A. Wodarz); rabbit anti-Par6 (1:500, J. Knoblich); mouse α-
Tubulin (1:100, Sigma); mouse γ-Tubulin (1:100, Sigma); rabbit anti-Pon (1:500, 
Y.N. Jan); rabbit, mouse and rat anti-Mud (1:200; 1:10; 1:500 respectively); rabbit 
anti-Sas4 (1:200, J. Raff); rabbit anti-Centrosomin (1:200, E. Schejter); rabbit 
Aurora A (1:100, J. Raff and J. Knoblich); rabbit D-TACC (1:100, J. Raff); rabbit 
Msps (1:100, J. Raff).  
    Alexa-Fluor-488 (Green color), Alex-Fluor-555 (Red color), Alex-Fluor-405 
(Grey color) and Alex-Fluor-633 (Blue color) from Molecular Probes were used 
as secondary antibodies with a dilution at 1:500.  DNA staining was achieved by 
probing with a diluted TO-PRO3 (Molecular Probes). 
 
2.5.2 Larval brains or testes fixation and staining 
Larval brains or testes were dissected in PBS and fixed in 3.7% formaldehyde in 
PBST for 15 min, followed by 3 washes for 10 min per wash. The samples were 
subsequently blocked in 3% BSA for 45 min at room temperature. Primary 
antibodies were then added to incubate the samples overnight at 4°C. On the 
following day, the samples were washed by PBST for 10 min twice, and proper 
secondary antibodies were used to incubate the samples for 1.5 h (in darkness). 
The brains or testes were then washed once with PBST for 10 min and stained 
with TO-Pro3 DNA dye for 30 min at room temperature (in darkness). After DNA 
staining, the samples were washed twice in PBST for 10 min each and saved in 
mounting medium. Brains or testis were further dissected and placed on 
microscope slides for imaging. For each set of experiments (i.e. the same 
antibody staining in different genotypes), the images were taken by a Zeiss LSM 
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700 confocal microscope with same setting. The orientation and input levels of 
pictures were adjusted in Adobe Photoshop CS4.0.  
 
2.5.3 Quantification of neuroblasts number and spindle orientation 
For neuroblasts number quantification, a cross was set up containing 100-200 
flies in the bottle. The flies were allowed to lay eggs in the bottle for 6-8hrs at 
25°C and then transferred into a fresh bottle. The synchronized larvae hatched 
out in 20 h at 25°C and time-course experiments were conducted after larva 
hatch (ALH). 15-20 larval brains were dissected at 24 h, 48 h, 72 h or 96 h ALH. 
Neuroblast marker Dpn was used to label the neuroblasts and central brain 
neuroblasts were counted under the fluorescent microscope.  
    To quantify the spindle orientation in neuroblasts, asymmetric protein (i.e. Baz 
or Insc) and α–Tubulin were stained to mark the cell polarity and spindles 
respectively. Metaphase neuroblasts were captured, and the angles between two 
lines—one line is along the spindles, the other is perpendicular of the labeled 
crescent representing cell polarity, were measured and quantified. 
 
2.5.4 EdU labeling 
EdU labeling of larval brains was performed using Click-iT® EdU Imaging Kits 
(Invitrogen). EdU was added into PBS to achieve a final concentration of 10 μM 
as a working solution. Larval brains were dissected in PBS and incubated into 
the working solution for one hour. Next, EdU was discarded, and the brains were 
rinsed with PBS twice. The samples were fixed in 3.7% formaldehyde for 15 min, 
followed two washes with PBST for 10 min each. The larval brains were then 
blocked with 3% BSA for 1 h at room temperature. After blocking, 500 μl of Click-
iT® reaction cocktails (refer to the protocol in the kit) were supplemented to 
incubate the samples for 30 min at room temperature in dark. The reaction 
cocktail was removed, and the samples were washed by 3% BSA once for 10 
min. DNA staining can be processed after this wash as described in section 2.5.3 
if necessary. The samples were finally mounted in the mounting medium and 
imaged by confocal. 
 
2.5.5 Live imaging using Drosophila larval brains 
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A live imaging working medium was prepared by dissolving Methyl cellulose (3%, 
Sigma) in S2 cell growth medium.  A drop of working medium was placed in a 
well of Chambered Coverglass (Nunc). Larval brains were then dissected in cold 
PBS and transferred into the working medium.  Time-lapse experiments were 
conducted using a Zeiss LSM 700 confocal microscope as described (Januschke 
and Gonzalez, 2010). Central brain neuroblasts were recorded by z-stacks with 
an interval of 20 s. The z-stacks were exported as videos. The contrast, 
orientation, time labels and frame rates of the videos were adjusted in Image J.  
 
2.6 Yeast two- hybrid assay 





Bacto-yeast extract 10 g; Bacto-peptone 20 g 
; Dextrose 20 g; Adenine sulfate 100 mg, add 
deionized water to 1 L, autoclaved  
YPAD plate 
Add 20 g bacteriological-grade agar per liter 
of non-autoclaved YPAD medium. Adjust the 
pH to 6.0 with HCl. 
Yeast transformation 
cocktail 
A total volume of 350 μl per reaction 
containing: 285 μl of PEG (50% w/o); 36 μl of 
LiAC (1 M); 20 μl of TE (10×); 5 μl of freshly 
boiled sperm DNA (10 mg/μl), mix vigorously  
SC (synthetic complete)-
Leu-Trp Plate 
Yeast nitrogen base w/o amino acids 3.35 g; 
Agar 10 g; -Leu/-Trp DO Supplement, 0.32 g; 
add deionized water to 500 ml, adjust pH to 
5.8 before autoclaving, add 25 ml of 40% 
galactose before plating. 
SC-Leu-Trp-Ura Plate 
Yeast nitrogen base w/o amino acids 3.35 g; 
Agar 10 g; -Leu/-Trp/-Ura DO Supplement, 
0.31 g; add deionized water to 500ml, adjust 
pH to 5.8 before autoclaving, add 25 ml of 
40% galactose before plating. 
SC-Leu-Trp-His+3-AT Plate Yeast nitrogen base w/o amino acids 3.35 g; 
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Agar 10 g; -Leu/-Trp/-His DO Supplement, 
0.31 g; add deionized water to 500 ml, adjust 
pH to 5.8 before autoclaving, add 25 ml of 
40% galactose  and different  3-AT was 
added to make different concentration (10 
mM, 25 mM, 50 mM, 100 mM) before plating. 
 
2.6.1 Yeast transformation 
Plasmid DNA prepared for yeast-two hybrid was generated as described in 
section 2.2.3. A gene cloned into pDEST™ 22 Vector was used as a prey 
construct while a gene cloned into pDEST™ 32 vector was used as a bait 
construct (ProQuest™ Two-Hybrid System). Mav203 competent yeast was used 
in this system; the genotype of the strain is MATα, leu2-3,112, trp1-901, 
his3∆200, ade2-101, gal4∆, gal80∆, SPAL10::URA3, GAL1::lacZ, HIS3UAS 
GAL1::HIS3@LYS2, can1R, cyh2R. Mav203 yeast strain was maintained on YPAD 
plate or medium (Table 3). The Mav203 yeast, which has been recovered at 
29°C for 2-3 days, was inoculated to the YPAD medium (depends on the scale of 
transformation, usually 100 ml) for overnight incubation at 220 rpm 30°C. The 
OD600 of yeast culture was measured and adjusted to 0.5 after 12-16 h of 
incubation. The adjusted yeast culture was cultured for another 3 h. Yeasts were 
centrifuged down at 2800 rpm room temperature and washed once with 1×TE. 50 
μl of LiAC/0.5TE buffer was used to resuspend the yeasts for each reaction, 
followed by the incubation at 30°C for 15 min. 50 μl of yeast culture were then 
transferred into a 1.5 ml tube. LiAC medium was removed by a quick spin (15 s) 
at maximum speed (16000 rcf), and yeast transformation cocktail was added to 
suspend the yeast pellet after the spin down. Plasmids (1μg) were added into the 
cocktail culture, and the mixture was incubated at 30°C for 30 min. After the 
incubation, 40 μl of DMSO was supplemented without any vortexing, and the 
mixture was heat-shocked at 42°C for 15 min. Yeasts were centrifuged down at 
maximum speed for 15 s and resuspended in 200 μl of 1×TE. At last, yeasts 
were spread on SC-Leu-Trp plate and incubated at 29°C for 3 days 
 
2.6.2 Yeast two-hybrid testing 
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Single colony was picked as a transformant and plated on a fresh SC-Leu-Trp 
plate for a stock. The stocks were incubated at 29°C for 3 days, and the 
transformants were streaked on SC-Leu-Trp-Ura plates or SC-Leu-Trp-His+3-AT 
(different concentration) plates with the controls (Strong interactions, weak 
interactions and no interactions, Invitrogen) for testing. The results were 



















CHAPTER 3  
The SCFSlimb E3 ligase complex regulates 




In order to search for potential regulators that play a role in neuroblast self-
renewal, we conducted a genome-wide RNAi screen in which genes were 
knocked down by a neuroblast-specific driver insc-Gal4 in the larval brain 
neuroblasts. Among them, knockdown of cullin1 (cul1), a component of the SCF 
E3 ligase, by RNAi resulted in a neuroblast overgrowth phenotype (Sherry Aw 
and Hongyan Wang, unpublished data). Similar neuroblast overproliferation 
phenotypes were observed in cul1 mutant larval brains, suggesting that Cul1 
regulates neuroblast self-renewal. The SCF complex is a multi-protein E3 
ubiquitin ligase that targets the destined proteins for degradation. It is composed 
of an F-box protein that interacts with the substrate, an adaptor protein S-phase 
kinase-associated protein-1 (Skp1) to bridge the F-box protein and scaffold 
protein Cul1, and a RING finger protein which functions as a catalytic subunit 
(Sarikas et al., 2011). I further showed that the other key components of the SCF 
complex, including SkpA, Roc1a and an F-box protein Slimb, controlled 
neuroblast self-renewal. SCFSlimb is critical for aPKC/Numb asymmetric 
localization and spindle orientation in neuroblasts, indicating that SCFSlimb 
regulates asymmetric division of neuroblasts.   
    SAK kinase is a known target of SCFSlimb in neuroblasts as the SCFSlimb 
complex mediates the protein levels of SAK to regulate centriole duplication 
(Rogers et al., 2009). I showed here that SAK functions downstream of SCFSlimb 
to inhibit neuroblast overproliferation. Moreover, I found that hyperactivation of 
Akt in larval brains caused supernumerary neuroblasts and asymmetric division 
defects. The neuroblast overgrowth phenotype in cul1 mutant can be significantly 
suppressed by loss of akt function, suggesting SCFSlimb acts upstream of Akt to 





3.2.1 Cullin1 inhibits excess self-renewing neuroblasts 
Cullin1 (Cul1) was uncovered as a regulator of neuroblast self-renewal through a 
genome-wide RNAi screen (Sherry Aw and Hongyan Wang, unpublished data). 
Knockdown of cul1 by RNAi under a neuroblast-specific driver insc-Gal4 caused 
neuroblast overproliferation phenotype in larval brains, revealed by a neuroblast 
marker, Dpn. To confirm the role of Cul1 in neuroblast self-renewal, I examined 
cul1EY11668, a putative cul1 loss of function allele, which was pupal lethal. There 
Figure 7: Loss of Cul1 resulted in neuroblast overgrowth in Drosophila 





 (henceforth referred to as cul1
-
, C) and 
insc-Gal4 UAS-Flag-Cul1; cul1
-
 (Flag-Cul1 is overexpressed under insc-Gal4 
driver in cul1
-
 mutants, insc>Flag-Cul1; cul1
-
, D). (E) Quantification of larval 
brain neuroblasts per brain hemisphere in wild-type (in blue) and cul1
-
 mutants 
(in red) from 24h ALH (after larva hatching) to 96h ALH. Number of 
neuroblasts at: 24h ALH, WT, 38±3.4; cul1
-
, 53±8.0; 48h ALH, WT, 55±7.0; 
cul1
-
, 92±9.1; 72h ALH, WT, 70±4.3; cul1
-
, 193±36.9; 96h ALH, WT, 100±7.9; 
cul1
-
, 473±100. (F) A schematic diagram of the dorsal view of the larval brain. 
Central brain is to the left of the dotted line which marks the border between 
central brain and optic lobe. Scale bars, 10 µm. 
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were around 300 neuroblasts in cul1EY11668 mutant larval central brains at 96 h 
after larva hatching (ALH, Fig 7B), compared to approximately 100 neuroblasts in 
the wild type (Fig 7A).  
    A severe neuroblast overgrowth phenotype was observed in the trans-
heterozygous cul1EY11668/cul1Ex (hereafter referred to as cul1-) mutant larval 
brains, as cul1Ex is a strong cul1 loss of function allele that died at the embryonic 
stage. There were ~470 neuroblasts in cul1- mutant larval brains (Fig 1C, E), 
compared to around 100 neuroblasts in the wild type (Fig 1A, E). The neuroblast 
overgrowth phenotype can be fully rescued by overexpressing a transgenic Flag-
tagged Cul1 in cul1- mutant larval brains using a neuroblast driver insc-Gal4 (Fig 
7C, D), indicating Cul1 is important to inhibit neuroblast overgrowth.  
To analyze the functions of Cul1 in neuroblast lineages, MARCM (Mosaic 
Analysis with Repressible Cell Marker) clones of cul1Ex and control in type I and 
type II neuroblast lineages were generated. Cul1Ex mutant clones showed a 
neuroblast overproliferation phenotype in both type I (40%, n=20, Fig 8B, B’) and 
type II (44%, n=18, Fig 8D, D’) neuroblast lineages, in contrast to a single 
neuroblast in wild type clones in both types of lineages (Fig 8A, A’, C, C’). In 
addition, knock down of cul1 by RNAi using a type II driver (refer to section 2.1.2) 
resulted in a neuroblast overproliferation phenotype in type II neuroblast lineages. 
54.7% of type II neuroblast lineages had more than one neuroblast (Fig 9B, 
n=75) in cul1 knockdown, whereas 100% of type II neuroblast lineages in control 
showed a single neuroblast (Fig 9A, n=87). Taken together, these results 
suggested that Cul1 regulates neuroblast self-renewal in both type I and type II 
lineages. 
The number of the cycling cells, indicated by the mitotic marker phosphor-
Histone 3 (pH3, Fig 10E, F), or the cell growth marker dMyc (Fig 10A, B), or EdU 
labeling (5-Ethynyl-2′-Deoxyuridine, Fig 10C, D), increased significantly in cul1- 
mutant larval brains compared to that in wild type. In contrast, a dramatic 
decrease of neuronal cells was observed in cul1- mutant larval brains, indicated 
by the neuronal markers, Embryonic lethal abnormal vision (Elav, Fig 10I, J) and 
nuclear Prospero (Pros, Fig 10G, H). These data suggested that the neuroblast 





Figure 8: Cul1 functions in both type I and type II neuroblast lineages. 
(A-D) Type I neuroblast (A-B’) and type II neuroblast clones (C-D’) are 
labeled for Ase (in red), CD8 (in green) and Dpn (in blue) in control 
(MARCM driver, A, A’, C, C’) and cul1
Ex 
mutants (B, B’, D, D’). E-H) 
Schematic diagrams of type I and type II neuroblast lineages in control (E, 
G) and cul1
Ex




) are in purple 




) are in blue (G, H). Neuroblasts 
in the clones are indicated by arrows. Clones are outlined by white dotted 
lines. Scale bar: 5 µm. 
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3.2.2 Loss of SkpA caused neuroblast overproliferation phenotypes 
Given that Cul1 is one of the subunits in the SCF complex, I investigated whether 
the other components of the SCF complex are important for neuroblast self-
renewal. Knock down of skpA, the Drosophila homolog of Skp1, by RNAi led to 
the formation of supernumerary neuroblasts in larval brains under the insc-Gal4 
driver. There were about 450 neuroblasts in larval brains upon skpA RNAi 
knockdown at 96 h ALH at 29°C, in contrast to ~120 neuroblasts in control brains 
at the same condition (n=20, Fig 11E, F). Moreover, down-regulation of SkpA by 
RNAi, induced by a type II driver, resulted in a neuroblast overproliferation 
phenotype in type II neuroblast lineages (33.3% n=66, Fig 9C).  
    To confirm the role of SkpA in regulating neuroblast self-renewal, I generated 
neuroblasts MARCM clones of skpA1, a loss-of-function allele of skpA. Ectopic 
neuroblasts were observed in both type I neuroblast (50%, n=16; Fig 11B, B’) 
and type II neuroblast (60%, n=21; Fig 11D, D’) clones of skpA1 MARCM, in 
Figure 9: Knock down of cul1, or skpA, or roc1a, or slimb by RNAi 
resulted in neuroblast overgrowth phenotypes in type II lineages. (A-E) 
Knock down of Cul1 (B), or SkpA (C), or Roc1a (D) or Slimb (E) by RNAi 
under a driver (w; UAS-DCR2, wor-Gal4, ase-Gal80/CyO; UAS-CD8: 
GFP/TM3, Ser, hereafter referred to as type II neuroblasts driver) resulted in 
ectopic neuroblasts in type II neuroblast clones. Type II neuroblasts driver 
alone is used as a control (A). (F-G) Schematic diagrams of type II neuroblast 
lineage in control (F) and SCF
Slimb
 RNAi (G). Neuroblasts in the clones are 




contrast to only one neuroblast in both lineages of control clones (Fig 9A, A’, C, 
C’). Therefore, I concluded that SkpA maintains neuroblast homeostasis in 
Drosophila larval brains. 
 
3.2.3 Roc1a suppresses neuroblast overgrowth in both type I and type II 
lineages  
I next examined the functions of Roc1a, the Drosophila homolog of RING-finger 
protein Rbx1 in neuroblast self-renewal. Unlike wild type clones that have one 
Figure 10: Neuroblast overproliferation in cul1
-
 mutants occurs at the 
expense of neuronal cells. (A-J) dMyc (A, B), EdU (C, D), pH3 (E, F), Pros 
(G, H) and Elav (I, J) are labeled in wild-type (wt, A, C, E, G, I) and cul1
- 
mutant (B, D, F, H, J) larval brains. (K) A schematic diagram of the dorsal view 
of the larval brain. Central brain is to the left of the dotted line which marks the 




Figure 11: SkpA regulates neuroblast self-renewal. (A-D’) Type I 
neuroblast (A-B’) and type II neuroblast clones (C-D’) are labeled for Ase (in 
red), CD8 (in green) and Dpn (in blue) in control (MARCM driver, A, A’, C, C’) 
and skpA
1
 mutants (B, B’, D, D’). Neuroblasts in the clones are indicated by 
arrows. Clones are outlined by white dotted lines. (E-F) UAS-CD8 (control, E) 
and SkpA RNAi (F) are expressed by insc-Gal4, and the larval brain 
neuroblasts in these genotypes are labeled by Dpn. G-J) Schematic diagrams 
of type I and type II neuroblast lineages in control (G, I) and skpA
1
 mutants (H, 









) are in blue (I, J). Central brain is to the left of the 
white dotted line which marks the border between central brain and optic lobe. 
Scale bars: 5 µm in A-D’; 10 µm in E and F. 
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neuroblast within each clone in both type I and type II neuroblast lineages, 
roc1a61 mutant clones possessed extra neuroblasts in  both types of lineages 
(Fig 12B, B’, 56%, n=18, type I lineages; Fig 12D, D’, 64%, n=22, type II 
lineages). Consistently, attenuation of roc1a activity by RNAi led to neuroblast 
overgrowth in type II neuroblast lineages (Fig 9D, 55.6%, n=33). These data 
indicated that Roc1a inhibits neuroblast self-renewal.  
 
3.2.4 Disruption of Slimb resulted in neuroblast overgrowth phenotypes  
I have shown that three components of the Drosophila SCF complex, including 
Cul1, SkpA and Roc1a, inhibit neuroblast overgrowth. I next moved to investigate 
the F-box proteins that may be involved in controlling neuroblast self-renewal.  
Figure 12: roc1a mutant clones displayed neuroblast overgrowth 
phenotypes in type I and type II neuroblast lineages. (A-D’) Type I (A-B’) 
and type II (C-D’) neuroblasts MARCM clones from control (MARCM driver, A, 
A’, C, C’) and roc1a
G1
 (B, B’, D, D’) mutants are labeled for Dpn, Ase and CD8-
GFP. (E-H) Schematic diagrams of type I and type II neuroblast lineages in 
control (E, G) and roc1a
G1









) are in blue (G, H). 
Neuroblasts in the clones are indicated by arrows. Clones are outlined by white 




Figure 13: Slimb is important for neuroblast self-renewal. (A-F’) Type I 
(A, A’, C, C’, E, E’) and type II (B, B’, D, D’, F, F’) neuroblasts MARCM clones 
from control (A-B’’), slimb
8
 (C-D’) and slimb
00295
 (E-F’) mutants are labeled for 
Dpn, Ase and CD8-GFP. Neuroblasts in the clones are indicated by arrows. 
Clones are outlined by white dotted lines. (G-J) Schematic diagrams of type I 










) are in blue (I, J). (K-L) wild type (wt, K) and slimb
8/41
(L) mutant larval 
brains are labeled by Dpn. Scale bars: 5 µm in A-F’; 10 µm in G and H. 
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The various F-box proteins are responsible for substrate specificity in the SCF 
complexes (Ho et al., 2006). In order to identify the F-box proteins that play a role 
in neuroblast self-renewal, the functions of 35 F-box proteins in larval brains were 
examined by RNAi knockdown or mutants analysis (Table 4). Most mutants, or 
down-regulation of genes encoding F-box proteins by RNAi did not show any 
defect in neuroblast proliferation (Table 4, Fig 14B, C, F, G), except for 
supernumerary limbs (slimb), a Drosophila homolog of mammalian F-box β–
Figure 14: Skp2, Ntc and Ago do not affect neuroblast numbers in larval 
brains. (A-C) wild type (wt, A), skp2
ex9
 mutant (B) and ntc
ms771
 mutant (C) larval 
brain neuroblasts are labeled by Dpn. Central brain is to the left of the white 
dotted line which marks the border between central brain and optic lobe. (D-G) 
Type I (D, F) and type II (E, G) neuroblasts MARCM clones from control 
(MARCM driver, D, E) and ago
3
 (F, G) mutants are labeled for Dpn, Ase and 
CD8-GFP. (H-I) Schematic diagrams of type I and type II neuroblast lineages in 




) are in purple (H), 




) are in blue (I). Neuroblasts are indicated by 
arrows and clones are outlined by white dotted lines. Scale bar: 10 µm in A-C; 
5 µm in D-G. 
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TrCP. Attenuation of Slimb by RNAi, induced by either the insc-Gal4 or the type II 
driver, resulted in neuroblast overgrowth phenotypes in larval brains or type II 
neuroblast lineages (Fig 9E; 30%, n=23), suggesting that Slimb is critical for 
inhibiting neuroblast overgrowth.  
 To ascertain the roles of Slimb in regulating neuroblast self-renewal, I 
examined two loss-of-function alleles of slimb by mutant clones. MARCM clones 
of the loss-of-function allele slimb00295 showed a neuroblast overproliferation 
phenotype in both type I (Fig 13E, E’; 42%, n=24) and type II (Fig 13F, F’; 30%, 
n=23) lineages, compared to the control (Fig 13 A, A’, B, B’). Similarly, Ectopic 
neuroblasts were observed in the MARCM clones of a strong loss-of-function 
allele slimb8 in type I (Fig 12C, C’; 45%, n=20) and type II (Fig 13D, D’; 50%, 
n=24) neuroblast lineages, in contrast to a single neuroblast in control clones (Fig 
13 A, A’, B, B’). In addition, the slimb8/slimb41 trans-heterozygous mutants, in 
which slimb41 is a cold-sensitive allele, displayed a mild neuroblast 
overproliferation phenotype in larval brains compared to the control (Fig 13K, L). 
Taken together, these data suggested that Slimb is the specific F-box protein that 
is responsible for the maintenance of neuroblast homeostasis. 
Figure 15: The SCF
Slimb
 complex regulates aPKC and Numb localization 
in neuroblasts. aPKC (in grey) and Numb (in red) localization in control 
(MACRM driver, A), cul1
Ex







metaphase neuroblasts in MARCM clones. DNA is in blue, and insets are 




3.2.5 The SCFSlimb complex regulates asymmetric protein localization and 
mitotic spindle orientation in neuroblasts 
In order to understand the mechanisms of the SCFSlimb complex in regulating 
neuroblasts self-renewal, I examined the asymmetric proteins localization as well 
as mitotic spindle orientation in the mutants. aPKC (55%, n=31; Fig 15B) was 
either delocalized throughout the cell cortex or diffused to cytoplasmic, and 
Numb (39%, n=31; Fig 15C) was cortically delocalized at metaphase in cul1Ex 
mutant clones, in contrast to aPKC and Numb forming polarized crescents in 
control. Moreover, neuroblast spindle mis-orientation phenotype was observed in 
cul1Ex mutant clones. Therefore, Cul1 regulates neuroblast asymmetry through 
controlling the localization of polarized proteins and spindle orientation. In 
accordance with asymmetric division defects in cul1Ex neuroblasts, aPKC (10%, 
Figure 16: Cul1 regulates aPKC and Numb localization in larval brain 
neuroblasts. aPKC (A, B), Numb (C, D), Baz (E, F), Par6 (G, H), Insc (I, J) 
and Pins (K, L) are labeled in wild type (A, C, E, G, I, K) and cul1
-
 mutant (B, D, 
F, H, J, L) larval brain neuroblasts at metaphase. Scale bar: 1 µm. 
56 
 
n=71; Fig 16B) and Numb (6%, n=50; Fig 16D) were mildly delocalized in cul1- 
mutant neuroblasts. The localizations of most other polarized proteins, including 
Baz (Fig 16F), Par6 (Fig 16H), Insc (Fig 16J), and Pins (Fig 16L) were not 
obviously affected.  
In addition, 38% of neuroblasts in cul1- mutant larval brains exhibited a spindle 
mis-orientation phenotype (Fig 18B, B’; n=95), in contrast to the wild type (Fig 
18A, A’). Particularly, a significant percentage (13%, n=95) of neuroblasts in cul1- 
mutant had a 90⁰ mis-alignment between the spindles and apicobasal polarity, 
suggesting a severe spindle mis-orientation phenotype. As a consequence, 5.4% 
(n=205) of telophase neuroblasts in cul1- mutants mis-segregated both aPKC 
and Numb into two daughter cells (Fig 17D).  
 
Figure 17: Neuroblasts could divide symmetrically in cul1
-
 mutant larval 
brains. (A-B) Live-imaging analysis of control (A) and cul1- expressing Ubi-α-
tubulin-GFP (B); Stills from various time points are shown. The cartoon 
illustrations are shown at the right corner. (C-D) wild type (wt, C) and cul1- 
mutant neuroblasts (D) at telophase are labeled for aPKC (in red), Numb (in 
green) and DNA (in blue). Scale bars: 1 µm 
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Table 4: Fly stocks used for the analysis of F-box proteins 
Gene name Fly stocks 
skp2 skp2ex9 
skp2 RNAi line (v101487) 
skp2 RNAi line (BDSC31365) 
ntc ntcms771 
ntc RNAi line (v51617) 
ntc RNAi line (v44045) 
slimb slimb8  
slimb00295 (BDSC11493) 
slimb41  
slimb RNAi line (v107825) 
slimb RNAi line (BDSC33986) 
ago ago1  
ago3  
FBX011 FBX011 RNAi line (v24041) 
FBX011 RNAi line (BDSC31484) 
CG4211 CG4221 RNAi line (v108628) 
CG4221 RNAi line (BDSC31065) 
CG11866 CG11866 RNAi line (v107678) 
CG11866 RNAi line (v31582) 
CG11866 RNAi line (BDSC31064) 
Fsn Fsn RNAi line (v107315) 
Fsn RNAi line (BDSC31096) 
Fsn RNAi line (BDSC30515) 
CG4911 CG4911 RNAi line (v106158) 
CG4911 RNAi line (BDSC31062) 
CG5003 CG5003 RNAi line (v26680) 
CG5003 RNAi line (BDSC31061) 
CG6758 CG6758 RNAi line (v43606) 
CG6758 RNAi line (BDSC31366) 
CG7148 CG7148 RNAi line (v105456) 
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Fbxl4 Fbxl4 RNAi line (v110154) 
Fbw5 Fbw5 RNAi line (v27007) 
Fbw5 RNAi line (v48207) 
Fbw5 RNAi line (BDSC31356) 
syd syd RNAi line (v35345) 
syd RNAi line (v101459) 
CG14937 CG14937 RNAi line (v40819) 
CG14937 RNAi line (BDSC31483) 
CG14937 RNAi line (BDSC31484) 
Fbl6 Fbl6 RNAi line (v43004) 
PPa PPa RNAi line (v29903) 
PPa RNAi line (BDSC31357) 
CG15437 CG15437 RNAi line (BDSC31059) 
morgue morgue RNAi line (BDSC31059) 
CG2010 CG2010 RNAi line (BDSC31063) 
CG8272 CG8272 RNAi line (BDSC31361) 
CG11044 CG11044 RNAi line (BDSC31364) 
CG9003 CG9003 RNAi line (BDSC31362) 
CG30466 CG30466 RNAi line (BDSC31372) 
CG5961 CG5961 RNAi line (BDSC31368) 
CG12765 CG12765 RNAi line (v17308) 
CG13770 CG13770 RNAi line (v102918) 
CG3428 CG3428 RNAi line (v104424) 
CG13766 CG13766 RNAi line (v104766) 
CG12402 CG12402 RNAi line (v102835) 
CG12402 RNAi line (v31912) 
CG2274 CG2274 RNAi line (v43417) 
CG11033 CG11033 RNAi line (v31402) 
CG8873 CG8873 RNAi line (v45618) 
CG7707 CG7707 RNAi line (v39917) 
 BDSC: Bloomington Drosophila Stock Center; v: Vienna Drosophila RNAi Center 
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The mis-segregation of apicobasal proteins at telophase neuroblast in cul1 
mutants is likely to result in symmetric division with two equal-sized and neural 
stem cell-like daughter cells. To examine whether the mutant neuroblasts could 
divide symmetrically, time-lapse experiments on living whole-mount brain 
explants expressing α-tubulin-GFP were carried out (Januschke and Gonzalez, 
2010). In control larval brains, 100% of neuroblasts recorded divided 
asymmetrically to generate two daughter cells with distinct sizes (Fig 17A; n=21). 
Figure 18: The SCF
Slimb
 complex controls neuroblast spindle orientation. 
(A-C’) Wild-type (wt, A), cul1
- 
mutants (B) and cul1
-
; insc-Gal4 UAS-Flag-Cul1 
(insc>Flag-Cul1, C) neuroblasts are labeled by Insc (in red), α-tubulin (in 





; insc>Flag-Cul1 (C’) neuroblasts is quantified. (D) A schematic 
diagram for measuring spindle orientation. The angels between two lines 
(spindle axis and midline of Insc crescent) were measured. (E-H) Control 
(MARCM driver, E), skpA
1
 mutants (F), slimb
00295
 mutants (G) and roc1a
G1
 
mutants (H) MARCM clones are labeled by Baz (in grey), α-tubulin (α-Tub, in 
red) and phospho-Histone H3 (pH3, in blue). Insets are enlarged view of 
neuroblasts in the clones. Scale bars: 1µm in A-C; 2µm in D-G. 
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In cul1- mutant larval brains, 22% of neuroblasts divided symmetrically to 
produce two daughter cells with similar size (Fig 17B; n=23), indicating a 
remarkable phenotype in neuroblast asymmetric division.  
  I next investigated whether other components of SCFSlimb could regulate 
neuroblast asymmetric division. In skpA1 mutant clones, 37.5% of neuroblasts 
showed delocalized aPKC (Fig 15E; n=16), and 12.5% of neuroblasts (Fig 15E; 
n=16) displayed disturbed Numb localization. Likewise, 28.6% of neuroblasts (Fig 
15D; n=14) in roc1a61 mutant clones showed aPKC delocalization phenotype and 
28.6% of neuroblasts (Fig 15D; n=14) exhibited Numb delocalization phenotype. 
Similarly, in slimb8 mutant clones, 71% (Fig 15F; n=7) of neuroblasts exhibited 
delocalization of aPKC and 57% (Fig 15F; n=7) of neuroblasts showed Numb 
mis-localization phenotypes at metaphase. In addition, spindle mis-orientation 
phenotype was also observed in skpA1 (Fig 18F; 43%, n=14), roc1a61 (Fig 18H; 
25%, n=16) and slimb00295 (Fig 18G; 29%, n=28) mutant clones. Taking together, 
these results suggested that the SCFSlimb complex plays a critical role in 
neuroblast asymmetric cell division. 
 
Table 5: Fly stocks used for the analysis of E2 proteins 
Gene name Fly stocks 
ubcD1(eff) ubcD1 RNAi line (v26011) 
ubcD1 RNAi line (v105731) 
ubcD1D73 
ubcD1s1782 
ubcD2 ubcD2 RNAi line (v31158) 
ubcD2k13206 
ubcD4 ubcD4 RNAi line (v35872) 
ubcD6 ubcD6 RNAi line (v46927) 
ubc7 ubc7 RNAi line (v34111) 
ubc9 ubc9 RNAi line (v33684) 
 ubc94-3 
ubcD10 ubcD10 RNAi line (v48146) 
ubcD10 RNAi line (v48145) 
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ubcD10 RNAi line (v37515) 
ubcD10BG00902 
ubc12 ubc12 RNAi line (v100761) 
ubc12 RNAi line (v35219) 
ubc84D ubc84D RNAi line (v106363) 
ubc-E2H ubc-E2H RNAi line (v108386) 
ubc-E2H RNAi line (v33509) 
CG8188 CG8188 RNAi line (v103362) 
CG3473 CG3473 RNAi line (v104207) 
CG3473 RNAi line (v26201) 
CG5823 CG5823 RNAi line (v33260) 
CG2924 CG2924 RNAi line (v104482) 
CG7656 CG7656 RNAi line (v100791) 
CG9602 CG9602 RNAi line (v102641) 
v: Vienna Drosophila RNAi Center 
 
3.2.6 Nedd8 regulates neuroblast self-renewal and asymmetric division 
Previous studies revealed that the activity of Cullin-organized E3 ligases is 
regulated by neddylation, in which the ubiquitin-like polypeptide Nedd8 is 
conjugated to the conserved lysines on Cullins (Hori et al., 1999). The regulation 
of Cul1-based complexes by Nedd8 has been shown in Drosophila imaginal 
discs (Ou et al., 2002; Wu et al., 2005). I wondered whether Nedd8 played any 
role in neuroblast self-renewal. In a nedd8 loss-of-function mutant, both type I 
(Fig 19B, B’; 29%, n=28) and type II (Fig 19D, D’; 40%, n=25) lineages showed 
ectopic neuroblasts within clones, in contrast to a single neuroblast in either type 
I clones or type II clones in control. I then examined whether Nedd8 could affect 
neuroblast asymmetric division. In nedd8AN105 mutant MARCM clones, aPKC (Fig 
22D; 42%, n=24) and Numb (Fig 22D; 25%, n=24) lost their asymmetric 
localization and became diffused to the cytoplasm at metaphase.  
Likewise, 17% (Fig 22H; n=18) of nedd8AN105 mutant neuroblasts displayed 
mitotic spindle orientation defects in the clones, compared to the control. These 
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results demonstrated the involvement of Nedd8 in maintaining neuroblast 
asymmetric division and self-renewal.  
 
3.2.7 The UPS regulates neuroblasts self-renewal and asymmetric division 
Proteins targeted by UPS for degradation require the covalent modification by 
attaching multiple ubiquitin molecules. This process is mediated by at least three 
enzymes, a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2) 
and a ubiquitin ligase (E3). Given the critical roles of SCFSlimb in neuroblast self-
renewal and asymmetric division, I then investigated whether Drosophila E1 and 
E2s could function in a similar fashion of SCFSlimb in neuroblasts.   
A number of E2 enzymes have been identified in Drosophila, while Uba1 is the 
single E1 reported (Watts et al., 2003; Kuo et al., 2006b).  In a loss-of-function 
Figure 19: Nedd8 inhibits neuroblast overgrowth. (A-D’) Type I (A-B’) and 
type II (C-D’) neuroblasts MARCM clones from control (MARCM driver, A, A’, 
C, C’) and nedd8
An105
 (B, B’, D, D’) mutants are labeled for Dpn, Ase and CD8-
GFP. (E-H) Schematic diagrams of type I and type II neuroblast lineages in 
control (E, G) and nedd8
An105









) are in blue (G, H). 
Neuroblasts in the clones are indicated by arrows. Clones are outlined by 
white dotted lines. Scale bar: 5 µm.   
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allele uba1s1484, neuroblast overproliferation phenotype was observed in both 
type I (Fig 21B, B’; 40%, n=42) and type II (Fig 21F, F’; 26%, n=31) MARCM 
clones, indicating that Uba1 functions cell-autonomously in inhibiting neuroblast 
overgrowth.  
To uncover the E2 enzymes that regulate neuroblast self-renewal, I knocked 
down of 16 genes which encode E2 proteins (Table 5) by RNAi using the type II 
driver. Among them, down-regulation of Eff (UbcD1) or UbcD10 by RNAi 
displayed neuroblast overgrowth phenotypes (Fig 20 A-E). I therefore moved to 
Figure 20: Knock down of eff or ubcD10 by RNAi leads to a neuroblast 
overproliferation phenotype in type II lineages. (A-C’) Knock down of Eff 
(B, B’) or UbcD10 (C, C’) by RNAi induced under the type II neuroblasts 
driver. Larval brains are labeled for Dpn (in blue), Ase (in red), and CD8 (in 
green). Type II neuroblast driver alone is used as a control (A, A’). (D-E) 
Schematic diagrams for the type II neuroblast lineages in control (D) and Eff 
or UbcD10 RNAi (E). Neuroblasts are indicated by arrows and clones are 




Figure 21: Uba1 and Eff regulate neuroblast self-renewal. Type I (A-D’) 
and type II (E-H’) neuroblasts MARCM clones from control (MARCM driver, A, 
A’, E, E’), uba1
s3484
 mutants (B, B’, F, F’), eff
D73
 mutants (C, C’, G, G’) and 
UbcD10
BG00295
 mutants (D, D’, H, H’) are labeled for Dpn, Ase and CD8-GFP. 
(I-L) Schematic diagrams of type I and type II neuroblast lineages in control or 
and UbcD10
BG00295
















) are in blue (K, L). Neuroblasts in the clones are indicated by arrows. 
Clones are outlined by white dotted lines. Scale bar: 5 µm.   
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examine whether the mutants of eff or ubcD10 showed any neuroblast 
overproliferation phenotypes in MARCM clones. In effD73 mutant clones, a few 
neuroblasts were generated in both type I (Fig 21C, C’; 33%, n=36) and type II 
(Fig 21G, G’; 40%, n=32) lineages, compared to only one neuroblast in either 
type I (Fig 21A, A’; 100%, n=27) and type II (Fig 21E, E’; 100%, n=25) lineages in 
control. In contrast, mutant clones of a loss-of-function allele ubcD10BG00092 did 
not show any neuroblast overproliferation phenotype (Fig 21D, D’, 100%, n=26, 
type I lineages; Fig 21H, H’, 100%, n=23, type II lineages). This result, together 
with the fact that UbcD10 RNAi construct has predicted off-targets, implies that 
the phenotype in UbcD10 RNAi might be due to off-targeting. Furthermore, I 
examined the MARCM clones of the loss-of-function ubcd2 or ubc9 mutants 
(Table5). Consistent with the knockdown of ubcd2 or ubc9 by RNAi, no obvious 
neuroblast overgrowth phenotype was observed in ubcd2 or ubc9 mutants 
Figure 22: Nedd8, Uba1 and Eff regulate neuroblast asymmetric 
division. (A-D) aPKC (in red) and Numb (in grey), CD8 (in green) and DNA 







(D) metaphase neuroblasts in MARCM clones. (E-H) Baz (in 
grey), α-tubulin (α-Tub, in red) and phospho-Histone H3 (pH3, in blue) are 




 (G), and 
nedd8
AN105 
(H) metaphase neuroblasts in MARCM clones. Insets are 
enlarged view of neuroblasts in the clones. Scale bar: 2 µm. 
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(Table5). Therefore, Eff is the specific E2 that controls neuroblast self-renewal.  
  To understand the mechanisms that Uba1 and Eff suppress neuroblast 
overgrowth, I investigated the asymmetric protein localization and spindle 
orientation in their mutant MARCM clones. In uba1s1484 mutant clones, 43% of 
mitotic neuroblasts (Fig 22B, n=35) displayed aPKC delocalization phenotype, 
and 29% of Numb (Fig 22B, n=35) became delocalized throughout the cell cortex. 
Likewise, 59% of aPKC (Fig 22C, n=29) was distributed to the cell cortex and 
became cytoplasmic while 21% of Numb (Fig 22C) was no longer asymmetrically 
localized in effD73 MARCM clones. Moreover, spindle orientation defects were 
also observed in uba1s1484 (Fig 22F, 27%, n=51) and effD73 (Fig 22G, 27%, n=26) 
MARCM clones.  These results demonstrated that Uba1 and Eff are important for 
neuroblast self-renewal and asymmetric division. 
 
Figure 23: Overexpression of Ubi-SAK-GFP results in neuroblast spindle 
orientation defects. (A-B’) Insc (in green), ߙ-tubulin (α-Tub, in red) and DNA 
(in blue) are labeled in metaphase neuroblasts in control (A), SAK-GFP 
overexpression under a ubiquitous promoter (ubi-SAK-GFP, B). Mitotic spindle 
orientation is quantified in control (A’) and Ubi-SAK-GFP (B’). Scale bar, 1 µm 
in A and B. 
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3.2.8 SAK is a target of SCFSlimb during neuroblast self-renewal 
SAK kinase (Polo-like kinase 4) is a known target of the SCFSlimb complex in 
neuroblasts. SAK is required for centriole duplication in neuroblasts, and the 
regulation of SAK in this process is medicated by the SCFSlimb complex (Cunha-
Ferreira et al., 2009; Rogers et al., 2009). Therefore, it is conceivable to 
investigate the role of SAK in SCFSlimb-meditated regulation of neuroblast self-
renewal. 
Figure 24: Overexpression of Ubi-SAK-GFP does not affect neuroblast 
numbers per hemi-lobe or asymmetric proteins localization. (A-B) Dpn is 
labeled for larval brain neuroblasts in control (Ubi-α-tubulin-GFP, A) and in 
SAK overexpression (Ubi-SAK-GFP, B). Central brain is to the left of the white 
dotted line which marks the border between central brain and optic lobe. (C) 
Quantifications of larval brain neuroblasts in A and B. Number of neuroblasts 
per brain lobe: control, 104±7.3; Ubi-SAK-GFP, 113±12.3; n=20. (D-I) aPKC 
(D, E), Numb (F, G) and Mira (H, I) are labeled in control (D, F, H) and SAK 
overexpression (E, G, I,) metaphase neuroblasts. Scale bar, 1 µm in D-I; 10 
µm in A-B. 
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3.2.8.1 Overexpression of SAK led to spindle orientation defects in 
neuroblasts 
I examined the phenotypes of SAK in neuroblasts by overexpressing GFP-
tagged SAK under a ubiquitous promoter (Ubi-SAK-GFP). Multiple centrosomes 
phenotype was observed in the neuroblasts upon overexpression of Ubi-SAK-
GFP as previously reported (Basto et al., 2008). 24% of metaphase neuroblasts 
(Fig 23B, B’; n=63) displayed a misalignment between the apical Insc protein and 
the mitotic spindles while all neuroblasts (Fig 23 A, A’; n=72) in the control 
showed proper mitotic spindle orientation.  
I further analyzed whether SAK could affect asymmetric proteins localization in 
the neuroblasts. aPKC, Numb and Mira all exhibited polarized localization (Fig 
Figure 25: Loss of sak function suppresses neuroblast overgrowth in 
cul1 mutant larval brains. (A-D) Dpn (in red) is labeled in wild type (wt, A), 
cul1
EY11668 
 mutants (B), sak
c06612





(D) larval brains at 84h ALH. (E) Neuroblast numbers per hemisphere in 
genotypes of A-D are quantified at 84ALH and 96ALH in E. Number of 









, 80±6.6. n=20. Number of neuroblasts 









, 102±9.4. n=20. Central brain is to the left of the white 
dotted line which marks the border between central brain and optic lobe. Scale 
bar: 10 µm. 
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24E, G, I) at metaphase in SAK-overexpression neuroblasts, suggesting that 
SAK is not important for controlling the localization of asymmetric proteins in 
neuroblasts. SAK overexpression did not lead to any significant increase of 
neuroblast numbers (Fig 24B, C); probably its mild spindle mis-orientation 
phenotype alone is insufficient to cause neuroblast overgrowth.  
 
3.2.8.2 Loss of SAK suppresses the neuroblast overgrowth phenotype in 
cul1 mutant larval brains 
To explore the role of SAK in Cul1-mediated regulation of neuroblast self-renewal, 
a cul1EY11668; sakc06612 double mutant was generated and analyzed in the larval 
brains. Surprisingly, Loss of SAK in cul1EY11668 mutant background could well 
suppress its neuroblast overgrowth phenotype. At 84 h ALH, there were 81±3.9, 
145±18.4 and 69±4.7 neuroblasts per hemi-lobe in the central brains of wild type 
(Fig 25A, E), cul1EY11668 mutants (Fig 25B, E) and sakc06612 mutants (Fig 25C, E) 
respectively.  In cul1EY11668; sakc06612 double mutants, the number of neuroblasts 
decreased to 80±6.6, compared to cul1EY11668 mutants alone (Fig 25D, E). Similar 
results can be observed in these genotypes at a later time point (96h ALH, Fig 
25E). There were around 102 neuroblasts in cul1EY11668; sakc06612 double mutant 
larval brains, in contrast to about 265 neuroblasts in cul1EY11668 single mutant 
larval brains (Fig 25E). These data suggested that SAK, as the known target of 
the SCFSlimb complex, functions downstream of the SCFSlimb to control neuroblast 
self-renewal. 
 
3.2.8.3 Loss of SAK suppressed the formation of multiple centrosomes in 
cul1 mutant neuroblasts 
Loss of Cul1 led to the formation of multiple centrosomes in larval neuroblasts 
(Fig 26B, E). To investigate whether loss of SAK function can repress the 
multiple-centrosomes phenotype in cul1 mutant background, I analyzed the 
centrosome numbers in metaphase neuroblasts of cul1EY11668; sakc06612 double 
mutants, or cul1EY1166, or sakc06612 single mutants. In wild type metaphase 
neuroblasts, there are always two γ-tubulin (γ-Tub) labeled centrosomes (Fig 
26A, E; 100%, n=56). In cul1EY11668 mutant neuroblasts, 80% of metaphase cells 
(Fig 26B, E; n=80) formed more than two centrosomes, consistent with a 
previous report (Rogers et al., 2009). In sakc06612 mutant neuroblasts, 22% of 
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metaphase cells (Fig 26C, E; n=90) displayed fewer centrosomes than two while 
the rest cells contained two centrosomes. However, in cul1EY11668; sakc06612 
double mutants, only 25% of mitotic neuroblasts showed centrosome 
overduplication phenotype (more than two centrosomes) while 52% of 
neuroblasts owned two centrosomes and 23% of neuroblasts had centrosome 
fewer than two at metaphase (Fig 26D, E; n=48). This rescue is consistent with a 
previous finding that centriole number is normal in S2 cells depleted for both 
Slimb and SAK (Rogers et al., 2009). These data indicated that loss of SAK in 
cul1 mutants could suppress the centrosome overduplication phenotype. 
 
Figure 26: Loss of Sak suppresses the formation of multiple 
centrosomes in cul1 mutant larval brain neuroblasts. (A-D) γ-tubulin (γ-tub, 









 mutants (D) larval brain 
neuroblasts. (E). Quantifications on centrosome number per metaphase 
neuroblast in the genotypes of A-D are shown in E. Percentages of metaphase 
neuroblasts that contains centrosomes fewer than 2, 2 centrosomes or 
centrosomes more than 2: wt (2 centrosomes, 100%; n=56), cul1
EY11668 
(2 
centrosomes: 20%; centrosomes more than 2: 80%; n=80), sak
c06612 
(2 




(2 centrosomes: 52%; centrosomes fewer than 2: 23%; centrosomes more 
than 2: 25%; n=48). Scale bar: 1 µm. 
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3.2.9 Akt regulates neuroblast asymmetric division and self-renewal 
Protein Kinase B, also known as Akt, is a key protein involved in many biological 
processes such as glucose metabolism, apoptosis, cell proliferation, transcription 
(Oldham and Hafen, 2003; Hietakangas and Cohen, 2009; Tumaneng et al., 
2012). Akt RNAi has been shown to suppress neoplastic growth in a tumor model 
which is induced by the ectopic expression of a constitutively active version of 
Ras and knock-down of Dlg upon RNAi in Drosophila imaginal discs (Willecke et 
al., 2011). On the other hand, active Akt is required for embryonic neuroblasts to 
exit from quiescence and enter into proliferation process at the early larval stage. 
Therefore, I wondered whether Akt plays a role in regulating neuroblasts self-
renewal.  
Figure 27: Hyperactivation of Akt in Drosophila larval brains caused 
neuroblast overgrowth at the expense of the neuronal cells. Dpn (A, B), 
pH3(C, D), CycE (E, F), EdU (G, H), Elav (I, J) and Pros (K, L) are labeled in 
control larval brains (UAS-CD8, A, C, E, G, I, K) and larval brains expressing 
Myr-Akt (B, D, F, H), driven by insc-Gal4, tub-Gal80
ts
. Central brain is to the left 
of the white dotted line which marks the border between central brain and optic 
lobe. Scale bar: 10 µm. 
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3.2.9.1 Overexpression of Myr-Akt in the larval brain caused a massive 
overgrowth of neuroblasts  
I overexpressed a myristoylated, active form of Akt (Myr-Akt) in the larval 
neuroblasts from 24 h after egg laying (AEL) by insc-Gal4 under the control of 
tub-Gal80ts. Surprisingly, it led to a dramatic neuroblast overgrowth in larval 
brains. Approximately 850 neuroblasts (Fig 27B, n=20) were observed when Myr-
Akt was overexpressed in larval brains at 96h ALH in 29°C, compared to around 
100 neuroblasts in control (Fig 27A, n=20). In agreement with the supernumerary 
neuroblasts phenotype, the number of CycE, or pH3 positive and EdU labeled 
Figure 28: Ectopic expression of Myr-Akt in type I or type II neuroblast 
lineages leads to neuroblast overproliferation phenotypes. (A-B’) Control 
(UAS-CD8, A, A’) and UAS-Myr-Akt (B, B’) are overexpressed by ase-Gal4 
driver and neuroblasts are labeled by Dpn (in blue), Ase (in red). Cell cortex is 
labeled by Phalloidin (in green). (C-D) Type II neuroblasts clones in control (C) 
and neuroblasts expressing Myr-Akt (D) under type II neuroblast driver are 
labeled by Ase (in red), CD8 (in green) and Dpn (in blue). (E-G) schematic 
diagrams of type I and type II neuroblast lineages in control (E, G) and 




) are in purple 




) are in blue (G, H). Neuroblasts are 




cells increased dramatically in insc-Myr-Akt larval brains (Fig 27D, F, H). On the 
contrary, there was a significant decrease of Elav or Pros marked neuronal cells 
in the larval brains due to ectopic expression of Myr-Akt (Fig 27J, L), in contrast 
to those in control (Fig 27I, K). To assess the role of Akt in neuroblast lineages, 
Myr-Akt was overexpressed under a type I driver (ase-Gal4) or type II driver. 
Upon Myr-Akt overexpression by ase-Gal4, multiple neuroblasts were derived 
from one neuroblast in type I lineages (Fig 28B, B’; 31%, n=75), compared to 
only one neuroblast in control type I lineages (Fig 28A, A’; 100%, n=70). Similarly, 
overexpression of Myr-Akt by type II drivers generated excess neuroblasts within 
the lineages (Fig 28D; 55%, n=53). These data suggested that Drosophila Akt 
regulates neuroblast self-renewal in both type I and type II neuroblast lineages.  
 
3.2.9.2 Akt regulates asymmetric division of neuroblasts 
To explore the mechanisms that Akt mediates neuroblast self-renewal, I 
Figure 29: Akt regulates asymmetric protein localization in neuroblasts. 
aPKC (A, B), Numb (C, D), Mira (E, F), Baz (G, H), Par6 (I, J) and Pon (K, L) 
are labeled in control (insc-Gal4, tub-Gal80ts, A, C, E, G, I, K) and insc-Gal4 
tub-Gal80
ts
 UAS-Myr-Akt (insc>Myr-Akt, B, D, F, H, J, L) metaphase 
neuroblasts. Scale bar: 1 µm. 
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investigated the localization of asymmetric proteins as well as spindle orientation 
in larval neuroblasts under the condition that Myr-Akt was overexpressed. aPKC  
was delocalized in 55% of the neuroblasts (Fig 29B; n=51) expressing Myr-Akt 
while other apical proteins, such as Baz and Par6 mostly formed crescents 
normally (Fig 29H, J). The basal proteins including Numb (Fig 29D; 45%, n=51), 
its adaptor Pon (Fig 29L; 29%, n=45) and Mira (Fig 29E; 50%, n=32) also 
showed delocalization phenotypes in the neuroblasts expressing Myr-Akt.  
    In addition, 36% of metaphase neuroblasts displayed mitotic spindle mis-
orientation phenotype, with 9% orthogonal division upon hyperactivation of Akt in 
larval neuroblasts (Fig 30B, B’ n=53). These results indicated that Akt is 
important to mediate asymmetric proteins localization and proper spindle 
orientation in neuroblasts divisions. 
 
3.2.9.3 The SCFSlimb complex interacts with Akt   
Similar neuroblast overgrowth phenotypes and neuroblast asymmetric division 
defects were observed in SCFSlimb mutants or upon hyperactivation of Akt. 
Therefore, I investigated whether Akt could form a protein complex with SCFSlimb.  
Figure 30: Akt is important for proper mitotic spindle orientation of 
neuroblasts. (A-B’) Insc (in green), α-tubulin (in red) and DNA (in blue) are 
labeled for control (A) and insc>Myr-Akt (B) neuroblasts. Quantifications of 
spindle orientation are shown in A’ (control) and B’ (insc>Myr-Akt). (C) A 
schematic diagram for measuring spindle orientation. The angels between two 
lines (spindle axis and midline of Insc crescent) were measured. Scale bar: 1 
µm in A and B. 
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Figure 31: Akt forms a protein complex with SCF
Slimb
. (A-D) Co-
immunoprecipitation (co-IP) experiments are conducted using S2 cells co-
transfected with Myc-Akt, and Flag-Cul1 (A), or Myc-Akt, and Flag-Slimb (B), 
or Myc-Akt and Flag-SkpA (C), or Myc-Akt and Flag-Roc1a (D). Anti-Myc or 
anti-Flag antibodies are used for IP, followed by western blotting probed with 
anti-Myc and anti-Flag antibodies. (E) Immunoprecipitation (IP) is conducted in 
S2 cell expressing Myc-Slimb. Anti-Myc antibodies are used to 
immunoprecipitate Myc-Slimb. Western blots are performed using anti-Akt and 
anti-Myc antibodies. Akt (60 KD) can be specifically pulled down by Myc-




Myc-tagged Akt and Flag-tagged Cul1, or SkpA, or Roc1a, or Slimb were 
generated, and the interactions between Akt and SCFSlimb were tested in Co-IP 
experiments in S2 cells. When Myc-Akt was immunoprecipitated, Flag-Cul1 could 
be detected in the immune complex but not from the control (Fig 31A). In a 
reciprocal experiment, Myc-Akt was specifically detected in the protein complex 
by immunoprecipitating with anti-Flag antibodies (Fig 31A). Moreover, 
endogenous Akt could be pulled down by immunoprecipitating with anti-Myc 
antibodies from the cell lyses where Myc-Slimb was overexpressed (Fig 31E).  
    Similarly, a set of Co-IP experiments using Flag-tagged SkpA, or Flag-Roc1a, 
or Flag-Slimb and Myc-Akt indicated that Akt can interact with SkpA, or Roc1a, or 
Figure 32: Akt kinase domain is responsible for its binding to Slimb. (A) 
The illustration of Akt protein domains and truncated constructs. PH, pleckstrin 
homology. (B) Co-immunoprecipitation (co-IP) of S2 cells co-expressing Flag-
Slimb and various Myc-Akt proteins including Myc-Akt (Full length), Myc-Akt T1 
(1-131aa), Myc-Akt T2 (131aa-442aa), or Myc-Akt T3 (443aa-530aa). IP is 
performed using anti-Myc antibodies, followed by western blotting with anti-Myc 
and anti-Flag antibodies. The detected proteins in co-IP are indicated by 
arrows, and IgG heavy chains are indicated by *.   
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Slimb, suggesting that Akt forms a protein complex with SCFSlimb (Fig 31B, C, D). 
In addition, another F-box protein Nutcracker (Ntc), which forms a protein 
complex with Cul1, SkpA and Roc1a (Bader et al., 2010), did not interact with Akt. 
Myc-Slimb, rather than Myc-Ntc could pull down Flag-Akt in the Co-IP 
experiments, suggesting that Akt forms a protein complex specifically with 
SCFSlimb.  
 
3.2.9.4 The kinase domain of Akt interacts with Slimb 
Drosophila Akt contains a Pleckstrin homology domain (PH domain), a protein 
kinase domain and an AGC kinase domain (Fig 32A). The PH domain is crucial 
for its membrane targeting while the protein kinase domain is critical for its kinase 
activity. To test which domain of Akt is responsible for interactions with SCFSlimb, I 
Figure 33: Akt binds to Slimb WD repeats regions and is a substrate of 
SCF
Slimb
. (A) Co-immunoprecipitation (co-IP) of S2 cells co-expressing Flag-Akt 
and Myc-Slimb (Full length), or Myc-Slimb ∆F (137aa-510aa), or Myc-Slimb 
∆WD (1-195aa). IP is conducted by using anti-Myc or anti-Flag antibodies, 
followed by western blotting with anti-Myc and anti-Flag antibodies. (B) 
Ubiquitination assay in S2 cells. Heat shock (Hs)-HA-Ubiquitin (Ubi), Flag-
Slimb and Myc-Akt are co-transfected into S2 cells. IP is conducted using anti-
Myc antibodies, and western blots are detected using anti-Myc, anti-Flag and 
anti-HA antibodies, respectively. IgG heavy chains are indicated by *. 
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generated three Myc-tagged truncated Akt constructs (Fig 32A) namely Myc-Akt-
T1 (1-130 aa, containing the PH domain of Akt), Myc-Akt-T2 (131-442 aa, 
containing the protein kinase domain of Akt) and Myc-Akt-T3 (443-530 aa, 
containing the AGC kinase domain). I tested the interactions between Akt 
truncates and Slimb by Co-IP experiments. As shown in Fig 32B, Akt-T2 and Akt 
FL could interact with Slimb, while the other two could not. These data suggest 
that the kinase domain of Akt is important for the interaction with Slimb. I further 
dissected the Akt-T2 into three small truncates: Akt-T2-1(131-242 aa), Akt-T2-2 
(243-330 aa) and Akt-T2-3 (331-442 aa). Based on Co-IP experiments, Akt-T2-1, 
Akt-T2-2 and Akt-T2-3 could all interact with Slimb, suggesting that there are 
multiple Slimb-binding sites in protein kinase domain of Akt.  
 
3.2.9.5 Slimb WD40 regions interact with Akt  
Slimb is a canonical F-box protein that consists of an F-box domain and WD40 
repeats. The Fox domain of Slimb interacts with Skp1 protein, whereas the 
WD40 repeats are responsible for binding to the substrates (Jiang and Struhl, 
1998b). To ascertain whether Akt could be a potential substrate of SCFSlimb, I 
generated a Myc-Slimb ∆F (196-510aa, with F-box domain deleted) and a Myc-
Slimb ∆WD (1-195aa, with WD40 domain deleted) constructs. Myc-Slimb and 
Myc-Slimb ∆F could be specifically co-immunoprecipitated with Flag-Akt in S2 
cells lyses (Fig 33A). Consistently, immunoprecipitating with Flag-Akt, only Myc-
Slimb and Myc- Slimb ∆F could be pulled down (Fig 33A). These results implied 
that Slimb protein lacking WD40 repeats fails to bind to Akt, indicating that Slimb 
WD40 regions are critical for its interaction with Akt. 
 
3.2.9.6 Akt is targeted by Slimb for degradation 
To test whether Akt can be targeted by Slimb for ubiquitination, we performed an 
ubiquitination assay in S2 cells expressing Heat shock-HA-Ubiquitin (Hs-HA-Ubi), 
Flag-Slimb and Myc-Akt. Immunoprecipitating with Myc-Akt and probing with anti-
HA antibodies, ubiquitylated Akt could be specifically detected but not in the 
controls (Fig 33B), indicating that Akt is likely to be a direct substrate of the 





   
Figure 34: Loss of Akt suppresses the neuroblast overproliferation 

















 (E) larval brain neuroblasts at 




/+ larval brain 
neuroblasts at 120h ALH. (G) Quantifications of larval brain neuroblasts in the 


















, 100±10.4. n=20. (H) A schematic diagram for the dorsal 
view of the larval brain. Central brain is to the left of the white dotted line which 
marks the border between central brain and optic lobe. Scale bar: 10 µm.  
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Figure 35: Cul1 and Akt regulate neuroblast self-renewal by functioning 
upstream of aPKC. (A-C) aPKC
06403









 (C) larval brain neuroblasts at 70h ALH are labeled 
by Dpn. (D) Quantifications of larval brain neuroblasts in the genotypes of A-C. 
Number of neuroblasts per brain lobe: aPKC
-







, 119±42.2, n=22. (E) UAS-CD8 or aPKC RNAi is co-
expressed with UAS-Myr-Akt under insc-Gal4, tub-Gal80
ts
 driver.  Neuroblasts 
numbers per hemi-brain lobe are quantified in (E). Number of neuroblasts per 
brain lobe: insc>CD8; Myr-Akt, 177±23.3; insc>aPKC RNAi; Myr-Akt, 
112±11.5. n=20. Central brain is to the left of the white dotted line which marks 
the border between central brain and optic lobe. Scale bar: 10 µm.  
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3.2.9.7 Loss of Akt suppresses the neuroblast overgrowth in cul1 mutant 
larval brains 
To test whether Akt and Cul1 can interact with each other genetically in vivo, a 
cul1EY11668; akt1/akt3 double mutant was generated, and the number of larval brain 
neuroblasts in this mutant was analyzed. There were around 100 neuroblasts in 
cul1EY11668; akt1/akt3 double mutant central brains (Fig 34E, G), in comparison 
with ~ 307 neuroblasts in cul1EY11668 mutant (Fig 34B, G) and ~98 neuroblasts in 
wild type (Fig 34A, G) larval brains. This suggested that loss of Akt suppresses 
the neuroblast overproliferation phenotype in cul1 mutant. However, in akt1/akt3 
trans-heterozygous mutant larval brains, there were fewer neuroblasts compared 
to those in wild type (Fig 34D, G). I next examined whether reducing Akt function 
by removing one functional copy of akt is sufficient to suppress neuroblast 
overgrowth in cul1 mutants. There were approximately 180 neuroblasts in 
cul1EY11668; akt1/+ mutant central brains (Fig 34C, G), in contrast to around 300 
neuroblasts in cul1EY11668 mutant (Fig 34B, G) and 100 neuroblasts in cul1EY11668, 
akt1/akt3 double mutant (Fig 34E, G) larval brains. These data indicated that the 
reduction of Akt function by even removing one copy of akt gene could repress 
the neuroblast overgrowth in cul1 mutant significantly. Taken together, these 
data suggested that cul1 and akt genetically interact with each other to regulate 
neuroblast self-renewal.  
 
3.2.10 Cul1 and Akt function upstream of aPKC and Notch in neuroblast 
self-renewal 
My data suggested that both Cul1 and Akt could regulate the asymmetric 
localization of aPKC in neuroblasts. To date, aPKC is the only known player that 
could regulate cell polarity as well as promote self-renewing capacity of neural 
stem cells (refer to section 1.4.1). Therefore, we hypothesized that Cul1 and Akt 
likely act upstream of aPKC to prevent neuroblast overgrowth. To test that, I 
used a well-characterized loss-of-function allele aPKC06403 (Wodarz et al., 2000) 
whose homozygous larvae could survive around 70 h ALH, and generated a 
double aPKC06403cul1EY11668/Ex mutant. At 70 h ALH, cul1EY11668/Ex mutant larval 
brains displayed a neuroblast overproliferation phenotype (Fig 35B, D; 200±20, 
n=21) while aPKC06403 mutants showed a neuroblast underproliferation 
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phenotype (Fig 35A, D; 56±7, n=20). In the double mutants, there were around 
119 neuroblasts in the central larval brains (Fig 35C, D; 119±42.2. n=22), 
suggesting that loss of aPKC could partially suppress the neuroblast overgrowth 
phenotype in cul1 mutant larval brains. Similarly, introducing aPKC knock-down 
by RNAi could partially suppress the neuroblast overproliferation phenotype 
when Myr-Akt was overexpressed (Fig 35E). Therefore, Cul1 and Akt act 
upstream of aPKC to control neuroblast self-renewal.   
Figure 36: Cul1 inhibits neuroblast self-renewal through acting 
upstream of Notch signaling pathway. (A-C) Dpn is labeled in larval brains 
from cul1
- 
(A), Notch temperature sensitive mutant, (Notch
ts1
, henceforth 
referred to as N
ts1




(C). The eggs of 
crosses were collected at 18°C and transferred to 29°C 24 h after egg laying 
(AEL). The wandering larvae were dissected at 84 h ALH. (D) Neuroblast 









, 145±24.9. n=20. Central 
brain is to the left of the white dotted line which marks the border between 
central brain and optic lobe. Scale bar: 10 µm. 
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    Another known proliferation factor in neuroblasts self-renewal is Notch, which 
acts downstream of aPKC and Numb. In larval neuroblasts, Notch signaling is 
necessary and sufficient to promote neuroblast proliferation (Wang et al., 2006a). 
I wondered whether Cul1 could regulate neuroblast proliferation by antagonizing 
with Notch signaling.  To this end, I employed a temperature sensitive Notch 
mutant—Notchts-1 (Nts-1) and made a double Nts-1; cul1EY11668/Ex mutant.  The 
larvae were raised at 18°C and shifted to 29°C to inactivate the activity of Notch 
in Nts-1. At 84 h ALH in 29°C, there were about 145±24.9 neuroblasts (Fig 36C, D) 
in Nts-1; cul1EY11668/Ex double mutant larval brains, in contrast to 334±51 
neuroblasts (Fig 36A, D) in cul1EY11668/Ex or 52±5.9 neuroblasts (Fig 36B, D) in Nts-
1 single mutant larval brains. These results indicated that Cul1 functions partially 
through Notch signaling to prevent neuroblast overgrowth.  
 
Figure 37: A working model. Drosophila E1 Uba1, E2 Eff and an E3 
complex SCF
Slimb
 function together to suppress neuroblast self-renewal.  
SAK and Akt are two substrates of SCF
Slimb
, and the SCF
Slimb
 complex 
inhibits neuroblast self-renewal through acting upstream of SAK and Akt.  
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3.3 Discussion   
The SCF (Skp1-Cullin1-F-box protein) complex is one of the best-studied E3 
ligases. F-box proteins function as the substrate recruitment subunit to target 
various proteins for degradation. Nevertheless, most F-box proteins and their 
substrates remain largely unexplored. Mammalian β–TrCP is one of the early-
identified and well-characterized F-box proteins. Several substrates have been 
reported to be targeted by β–TrCP for degradation. These substrates, such as β-
catenin (an important mediator of Wnt signaling), IκB (an inhibitor of NF-κB), 
EMI1 (early mitotic inhibitor 1) and PDCD4 (programmed cell death protein-4), 
function in diverse pathways to regulate cell cycle progression and cellular 
apoptosis (Margottin-Goguet et al., 2003; Guardavaccaro et al., 2003; Strack et 
al., 2000; Dorrello et al., 2006; Ougolkov et al., 2004; Aberle et al., 1997; Hattori 
et al., 1999). The SCFSlimb complex, which is the homologous complex of SCFβ–
TrCP, is highly conserved from the mammalian complex and share similar 
mechanisms used in mammalian system (Jiang and Struhl, 1998a; Smelkinson 
et al., 2007). However, the role of SCF E3 ligases in neuroblast asymmetric 
division is largely unknown. In this thesis, I provided evidence that the SCFSlimb 
complex plays a cortical role in maintaining neural stem cells self-renewal and 
regulating their asymmetric division, by acting through SAK and Akt. These 
findings, in turn, might be applicable in many other cell types or systems to 
understand the roles of SCF E3 ligases in cell proliferation.  
 
3.3.1 The role of the SCFSlimb complex in neuroblast self-renewal and 
asymmetric division 
In this study, we uncovered Cul1 as a regulator of neuroblast self-renewal 
through a genome-wide RNAi screen. To support this notion, I further analyzed 
two loss-of-function cul1 mutant alleles. In both mutants and the trans-
heterozygous mutants, a neuroblast overgrowth phenotype was observed. 
Consistent with the function of Cul1 in neuroblasts, loss of SkpA or Roc1a 
resulted in neuroblast overproliferation in both type I and type II neuroblast 
lineages. To identify the specific F-box proteins involved in regulating neuroblast 
self-renewal, I conducted a small candidate screening by examining the function 
of 35 Drosophila F-box proteins through mutants and RNAi analyses. Among 
them, Slimb is the only one that could inhibit the supernumerary neuroblasts in 
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larval brains. The roles of a few F-box proteins have been investigated in 
Drosophila system.  For instance, Drosophila Archipelago (ago), which controls 
the protein levels of dMyc, can mediate the ubiquitination and degradation of 
CycE and affect Notch pathway activity (Ouyang et al., 2011b). Another F-box 
protein Nutcracker (Ntc), which interacts with Cul1 and SkpA, regulates caspase 
activation during Drosophila sperm individualization (Bader et al., 2010). In 
addition, a recent paper has shown that mammalian F-box protein Skp2 could 
induce the ubiquitination of mammalian AKT1 (Gao et al., 2013). I especially 
analyzed the roles of Drosophila Ago, Ntc and Skp2 in larval neuroblasts using 
their mutants. None of the mutants showed any neuroblast overproliferation 
phenotype, suggesting that Slimb is a specific F-box in regulating neuroblast self-
renewal.  
    In addition to its function of inhibiting neuroblast overproliferation, I 
demonstrated that the SCFSlimb complex controls asymmetric division in 
neuroblasts. All the four components are responsible for the polarized distribution 
of aPKC and Numb during neuroblasts mitosis, as well as the proper spindle 
orientation. This could be an explanation for the neuroblast overgrowth 
phenotype in SCFSlimb mutants.  Indeed, we did observe mis-segregation of 
polarized proteins in cul1 mutant telophase neuroblasts, in accordance with the 
neuroblast symmetric divisions recorded by time-lapse experiments. These 
observations suggested that, in cul1 mutant neuroblasts, two neural stem cell-like 
daughters could be generated following each cell division, unlike wild type that 
maintains only one neuroblast following each division. As a consequence, 
ectopic neuroblasts would be generated during the larval development in cul1 
mutants. The mechanism that the SCFSlimb regulates neuroblast asymmetric 
division is different from the well-studies E3 ligase APC/cyclosome (APC/C), 
which is critical for proper localization of Mira and its cargo proteins to the basal 
cortex (Slack et al., 2007a). I showed that Cul1 acts upstream of aPKC to control 
neuroblast asymmetry and in turn regulate the localization of basal proteins, such 
as Numb. Taking together, SCFSlimb plays a cortical role in neuroblast self-
renewal and asymmetric division. 
 
3.3.2 The function of the UPS in controlling neuroblast proliferation 
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The functions of E1, E2 and E3 enzymes of the UPS were previously largely 
unknown in neuroblasts. I showed that the SCFSlimb E3 ligase is responsible for 
regulating neuroblast homeostasis. Furthermore, I demonstrated that Drosophila 
E1 Uba1 and a specific E2 Eff regulate neuroblast self-renewal. More importantly, 
the neuroblast asymmetry is disrupted in uba1 or eff mutants, which is highly 
likely to cause neuroblast overgrowth phenotype in these mutants. Moreover, Eff 
is the only E2 enzyme that controls neuroblast numbers, indicating the specificity 
of the UPS in controlling neuroblast self-renewal. Taking together, I showed that 
E1, E2 and SCFSlimb E3 enzymes controls neuroblast self-renewal in a cell-
autonomously manner (Fig 37).  
 
3.3.3 SAK works downstream of the SCFSlimb complex in neuroblast self-
renewal 
Sak kinase is a known substrate of SCFSlimb and regulates centriole duplication in 
neuroblasts (Cunha-Ferreira et al., 2009; Rogers et al., 2009). Overexpression of 
SAK under a ubiquitous promoter resulted in mitotic spindle orientation defects 
and centrosome overduplication phenotypes in neuroblasts, which were also 
observed cul1 mutant neuroblasts. In cul1EY11668; sakc06612 double mutants, the 
number of neuroblasts decreased significantly compared to that in cul1EY11668 
mutant larval brains. Moreover, the centrosome overduplication phenotype in 
cul1EY11668 mutant was significantly suppressed by loss of sak function. These 
observations implied that SAK works downstream of SCFSlimb to control 
neuroblast self-renewal. However, the phenotype of spindle mis-orientation in 
Ubi-SAK is not severe, and overexpression of SAK did not cause obvious 
neuroblast overproliferation phenotype (Fig 24). Therefore, there might be other 
proteins that function downstream of the SCFSlimb complex to control neuroblast 
self-renewal.  
 
3.3.4 The role of Akt in neuroblast self-renewal 
Akt is the core component in the PI3K-Akt signaling, which regulates diverse 
cellular processes such as cancer progression and insulin metabolism (Manning 
and Cantley, 2007; Chin and Toker, 2009). PI3K-Akt signaling is stimulated by 
the growth factors (i.e. insulin-like growth factor-1; IGF-1), which promotes the 
synthesis of phosphatidylinositol 3,4,5 triphosphates (PIP3) by PI3K (Ruan and 
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Kazlauskas, 2011; Toker, 2012). PIP3 recruits Akt to the plasma membrane, 
where Akt is phosphorylated by PDK1 (phosphoinositide-dependent kinase-1) at 
its Thr308 residue (Toker, 2012; Ruan and Kazlauskas, 2011). The fully 
activation of Akt requires the phosphorylation of another residue Ser473 at its C-
terminus, which is mediated by different mechanisms (Ruan and Kazlauskas, 
2011; Toker, 2012). Activated Akt dissociates with the plasma membrane and 
could target over 100 substrates in various cellular processes (Toker, 2012; 
Manning and Cantley, 2007; Chin and Toker, 2009).  
    One of the most well-known pathways downstream of the PI3K-Akt signaling is 
the TOR (Target of Rapamycin) pathway (Bhaskar and Hay, 2007; Manning and 
Cantley, 2007). TOR is a serine/threonine protein kinase that forms two major 
protein complexes in mammals, mTORC1 (mammalian TOR Complex 1) and 
mTORC2 (mammalian TOR Complex 2) (Bhaskar and Hay, 2007). MTORC2 
phosphorylates Akt at its Ser473 residue, while mTORC1 regulates ribosomal 
biogenesis and protein synthesis by phosphorylating 4E-BPs (4E-binding 
proteins), the repressors of mRNA translation and ribosomal S6 kinase (S6K1) 
(Bhaskar and Hay, 2007). The activity of mTORC1 is regulated by the PI3K-Akt 
signaling. Activated Akt phosphorylates tuberous sclerosis complex 2 (TSC2), 
which forms a hetero-dimerization complex with TSC1 (Bhaskar and Hay, 2007; 
Manning and Cantley, 2007). TSC2 functions as a GTPase-activating protein 
(GAP) to control the activity of the small GTPase Rheb (Ras homolog enriched in 
brain), which strongly activates mTORC1 in its GTP-bound form (Bhaskar and 
Hay, 2007). The phosphorylation of TSC2 by Akt inhibits its GAP activity and 
subsequently allows the GTP-bound Rheb to activate mTORC1 (Bhaskar and 
Hay, 2007). In addition, Akt could direct phosphorylate PRAS40 (proline-rich Akt 
substrate 40 kDa), a repressor of mTORC1.  Upon the phosphorylation by Akt, 
PRAS40 dissociates with mTORC1 and makes it activated independently of 
TSC1/TSC2 (Vander Haar et al., 2007).   
In mammalian system, PI3K/AKT signaling is commonly hyper-activated in 
various types of human cancer, while attenuation of this signaling in mice leads 
to developmental defects (Manning and Cantley, 2007; Chin and Toker, 2009; 
Ruan and Kazlauskas, 2011; Toker, 2012). The PI3K-Akt-TOR pathway is highly 
conserved in flies and in mammals, as most of the orthologous components of 
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the PI3K-Akt-TOR pathway in Drosophila show similar functions as those in 
mammals (Murillo-Maldonado et al., 2011; Hirth, 2010; Hietakangas and Cohen, 
2009; Wu and Brown, 2006). For example, loss-of-function mutants of this 
pathway like Chico (fly insulin receptor substrate), pi3k, akt, Rheb, S6K displayed 
reduction of tissue growth and body size phenotypes in Drosophila (Edgar, 2006; 
Hietakangas and Cohen, 2009; Weinkove et al., 1999). On the contrary, over-
activation of this pathway such as hyperactivation of PI3K could result in 
dramatic tissue overgrowth phenotypes in flies (Hietakangas and Cohen, 2009; 
Edgar, 2006; Weinkove et al., 1999). In Drosophila neuroblasts, PI3k-Akt 
signaling is critical for the re-activation of quiescent neuroblasts during the 
embryo-larva transition (Sousa-Nunes et al., 2011; Chell and Brand, 2010). At 
the end of embryonic stages, embryonic neuroblasts could enter into a quiescent 
stage. External nutritional condition and intrinsic pathways are required for 
neuroblast exit from quiescence at the early first instar larval stage (see Chapter 
1.2.2) (Chell and Brand, 2010; Sousa-Nunes et al., 2011). PI3K-Akt signaling lies 
downstream of the fat-body-derived signal which senses amino acids in food 
during neuroblast reactivation. Inactivation of the PI3K-Akt pathway, such as 
overexpression of TSC1/TSC2 or a dominant-negative form of PI3K, retards the 
exit from quiescence in neuroblasts (Sousa-Nunes et al., 2011; Chell and Brand, 
2010). While activation of the PI3K-Akt signaling in a nutrition-restrict condition 
could fully rescue the quiescent neuroblast into a proliferative status (Chell and 
Brand, 2010; Sousa-Nunes et al., 2011). These data indicated that PI3K-Akt 
plays an important role in neuroblast growth and proliferation. Moreover, 
reduction of Akt function by RNAi in larval neuroblasts led to an under-
proliferation phenotype in the posterior brain hemisphere (Neumuller et al., 2011), 
suggesting a role of Akt in Drosophila larval brain. 
I investigated the role of Akt in neuroblast self-renewal and asymmetric division 
by overexpressing a previously analyzed, constitutively active form of Akt (Myr-
Akt) in Drosophila larval brains (Stocker et al., 2002). I showed that 
hyperactivation of Akt resulted in neuroblast overgrowth phenotypes as well as 
neuroblast asymmetric division defects in larval brains, suggesting that Akt is 
important for neuroblast self-renewal and division. The phenotypes observed 
upon hyperactivation of Akt or in SCFSlimb mutants are quite similar: 1) 
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overexpression of Myr-Akt or loss of SCFSlimb function in neuroblasts led to strong 
neuroblast overproliferation phenotypes; 2) Akt and SCFSlimb are both important 
for the cell polarity of neuroblasts, as hyperactivation of Akt or loss of SCFSlimb 
function resulted in the delocalization of asymmetric proteins such as aPKC and 
Numb; 3) Akt and SCFSlimb are required for the proper spindle orientation during 
neuroblast division. Therefore, I examined whether Akt is a substrate of SCFSlimb 
during neuroblast self-renewal. First, the Co-IP experiments between Akt and all 
components of SCFSlimb indicated that Akt indeed associates with SCFSlimb. 
Second, Slimb WD40 regions, which are known to interact with substrates, are 
essential for the interaction between Akt and Slimb. Third, the ubiquitination 
assay indicated that Akt could be ubiquitylated by SCFSlimb. These results 
suggested that Akt is likely to be a substrate of SCFSlimb.  Moreover, the 
neuroblast overproliferation phenotype in cul1 mutants can be significantly 
suppressed by akt loss-of-function. These data indicated that SCFSlimb controls 
neuroblast self-renewal by acting upstream of Akt.  
I have shown the important roles of Akt during neuroblast self-renewal and 
asymmetric division. However, it is still unclear that whether Akt regulates 
neuroblast self-renewal through the PI3K-Akt-TOR pathway. Overexpression of 
PI3K-CAAX, an active form of PI3K, led to neuroblast overproliferation 
phenotypes and asymmetric division defects (unpublished data), indicating that 
the activity of Akt is critical for controlling neuroblast self-renewal. However, 
overexpression of the downstream components of the PI3K-Akt-TOR pathway 
such as TOR, Rheb orS6K did not result in any obvious defect in neuroblast 
proliferation (unpublished data). One possible explanation is that active Akt might 
target other substrates during neuroblast self-renewal rather than the regulators 
in TOR pathway. It is also possible that active Akt could directly control the 
regulators of neuroblast asymmetric division at the plasma membrane in 
neuroblasts. Another possibility is that the activation of TOR pathway in 
neuroblasts is not sufficient to disrupt the cell polarity or alter the spindle 
orientation during asymmetric division. Therefore, despite the increase of the 
growth signaling, neuroblast could still undergo asymmetric division to self-renew 
properly. A good set of experiments to address this point is to investigate 
whether SCFSlimb or Akt could genetically interact with the components in TOR 
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pathway during neuroblast self-renewal. For example, it is worth examining 
whether overexpression of TSC1/TSC2 could suppress the neuroblast 
overproliferation phenotypes in Cul1 RNAi knockdown or hyperactivation of Akt, 
or whether the neuroblast overgrowth phenotypes in SCFSlimb mutants or Myr-Akt 
could be enhanced by ectopic expression TOR or Rheb.  
    My data suggested that Akt is a novel substrate of SCFSlimb during neuroblast 
self-renewal. It has been shown that Akt ubiquitination is important for its plasma 
membrane localization and activation (Yang et al., 2009). Consistently, in 
SCFSlimb mutants, the activity of Akt is significantly enhanced implied by a 
Drosophila phosphor-Akt antibody against its Serine 505 residue (the conserved 
site of Serine 473 on mammalian Akt, unpublished data). The regulation of Akt by 
SCFSlimb during neuroblast asymmetric division is specific, as reduction of Akt 
function by RNAi could suppress the neuroblast overproliferation phenotypes in 
cul1 RNAi knockdown but not in brat RNAi knockdown in larval brains 
(unpublished data). However, it remains to be further investigated whether other 
regulators such as any other E3 ligases could control Akt during neuroblast self-
renewal. For example, an E3 ligase TTC3 (Tetratricopeptide repeat domain 3) 
has been shown to bind to Akt and regulate its degradation in mammalian cell 
lines (Suizu et al., 2009), and a recent study in mice suggested a regulatory role 
of CRL7 (Cullin-RING E3 ubiquitin ligase 7) in controlling the PI3K-Akt signaling 
pathway (Scheufele et al., 2013). In cul1 mutant larval brains, there is no 
dramatic increase of Akt levels (unpublished data), which might raise the 
possibility that the protein abundance of Akt is mediated by other regulators 




DROSOPHILA DYNEIN LIGHT CHAIN 1 REGULATES 
NEUROBLAST MITOTIC SPINDLE ORIENTATION  
 
4.1 Introduction 
Dynein is a multi-subunit complex using energy from ATP binding and hydrolysis 
to transport its cargoes towards microtubule minus-end. Unlike axonemal 
dyneins that are found in cells having cilia or flagella, cytoplasmic dyneins exist in 
all animal cells and are responsible for various cellular functions such as protein 
transportation, mitotic spindle orientation, cell survival and cell migration (Paschal 
and Vallee, 1987; Porter et al., 1999; Pazour et al., 1999). A cytoplasmic dynein 
complex is composed of two heavy chains (HC), two intermediate chains (IC), 
two light intermediate chains (LIC) and several light chains (LC) (Vallee et al., 
1988). The HC is a subunit more than 500KDa and contains a microtubule 
binding domain and six AAA (ATPases associated with diverse cellular activities) 
ATPase domains. It provides a scaffold for ICs and LICs at its N-terminal. IC 
consists of a coiled-coiled domain at its N-terminal and WD40 repeats at C-
terminal. It interacts with dynactin, which is an essential complex to activate 
dynein during mitosis (Neuwald et al., 1999; Habura et al., 1999).  IC also binds 
to LCs through its N-terminal region, linking the LCs with HCs. Although IC could 
direct interact with some cargo proteins in the dynein complex, LCs have been 
implicated to bind to various target proteins in the cell (Ligon et al., 2001; Habura 
et al., 1999; Vallee et al., 2004). However, functions of LCs in dynein complex 
are poorly understood.  
    Previous studies in yeast have shed light on the functions of dynein complex in 
mitotic spindle orientation (Pearson and Bloom, 2004). Recently, the role of 
Lis1/Dynein/Dynactin in regulating neuroblast spindle orientation has been 
investigated in Drosophila. Knocking down Lis1/Dynein/Dynactin by RNAi or Loss 
of Lis1/Dynactin in mutants resulted in defects of spindle positioning and 
orientation in neuroblasts (Siller and Doe, 2008; Siller et al., 2005). Based on in 
vitro analysis, It was suggested that the Lis1/Dynein/Dynactin complex works 
downstream of Pins/Mud pathway to regulate the spindle orientation (Johnston et 
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al., 2009). However, little is known about the in vivo function of dynein complex 
during Drosophila spindle orientation.  
    Here I identified a Drosophila cytoplasmic dynein light chain 1 (Ddlc1), also 
known as Cut up (Ctp) that regulates neuroblast spindle orientation in Drosophila 
larval brains. Ctp is an 8-KDa protein belonging to the LC8 family of dynein light 
chains. I showed that Ctp is recruited and anchored by a centriolar protein 
Anastral Spindle 2 (Ana2) at centrioles during neuroblast mitosis to meditate the 
proper spindle orientation. Centriolar localization of Ctp is critical for its functions 
in spindle orientation. We proved that Ctp and Ana2 interact with Mud and are 
responsible for the correct localization of Mud. Thus, Ana2, Ctp and Mud form a 
complex and regulate spindle orientation in Drosophila neuroblasts. 
 
4.2 Results 
4.2.1 Ctp is a novel player that regulates neuroblast spindle orientation 
I isolated Ctp as a neuroblasts spindle orientation regulator through a candidate 
Figure 38: Ctp RNAi results in spindle orientation defects in 
neuroblasts. Neuroblasts are labeled for Insc (in green), α-tubulin (α-Tub, in 
red) and DNA (in blue) in control (UAS-CD8, A) and Ctp RNAi (B) induced by 
insc-Gal4 driver. Mitotic spindle orientation is quantified in control (A’) and 
insc-Ctp RNAi (B’). Scale bar, 1 µm. 
93 
 
RNAi screen. Using the inducible UAS-RNAi transgenic flies provided by VDRC 
and driving them under a neuroblast-specific driver insc-Gal4, I knocked down a 
collection of ~200 genes whose products are known to be associated with 
Cytoskeleton. Knocking down of ctp by RNAi caused neuroblast spindle mis-
orientation phenotype. 48% neuroblasts upon Ctp RNAi knockdown showed mis-
alignment of mitotic spindles and apical Insc crescent (Fig 38A, A’), compared to 
100% proper alignment in wild type (Fig 38B, B’).  
    To ascertain the role of Ctp in neuroblast spindle orientation, I examined 
neuroblast spindle orientation in a ctp null mutant ctpexe6. In agreement with the 
spindle mis-orientation phenotype in Ctp RNAi, 44% (Fig 39B, B’) metaphase 
neuroblasts displayed random spindle alignment with Insc crescent in ctpexe6 
mutant. Furthermore, I analyzed ctp hemizygotes between ctpexe6 and a small 
deficiency Df(1)JC70 where ctp gene is completely deleted. In this ctpexe6/Df (1) 
JC70 mutant, 52% of neuroblasts showed defects in spindle orientation (Fig 39C, 
C’). Moreover, 62% of neuroblasts that had spindle orientation defects lacked 
Figure 39: Ctp regulates the spindle orientation of neuroblasts. (A, B, C) 
Metaphase Neuroblasts in wild type (wt, A), ctp
exe6
 mutants (B) and 
ctp
exe6
/Df(1)JC70 mutants (C) are labeled for Insc (in green), α-tubulin (α-Tub, 
in red) and DNA (in blue). (A’, B’, C’) Mitotic spindle orientation is quantified in 
wt (A’), ctp
exe6
 mutants (B’) and ctp
exe6
/Df(1)JC70 (C’). (D) A schematic for 
measuring spindle orientation. The angels between two lines (spindle axis and 
midline of Insc crescent) were measured. Scale bar, 1 µm in A, B and C. 
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astral microtubules in ctpexe6 mutants, indicating that Ctp is important for the 
formation of astral microtubules. Therefore, I concluded that Ctp plays a role in 
regulating neuroblast spindle orientation.  
    In previous studies, mutants, such as pins, sas4, which had spindle orientation 
defects can be recovered to normal orientation at late anaphase or telophase, a 
phenomenon called “telophase rescue” (Yu et al., 2000; Basto et al., 2006a). In 
order to investigate whether neuroblasts exhibited spindle orientation defects 
would be corrected by this process in ctp mutants, I checked the apical and basal 
protein localization in ctpexe6/ Df(1)JC70 telophase neuroblasts. The apical aPKC 
and basal Pon localized normally in ctpexe6/ Df(1)JC70 neuroblasts (Fig 40B, 
100%, n=185) at telophase, indicating that neuroblasts exhibiting spindle 
orientation defects can be rescued at telophase in ctp mutants.  
 
4.2.2 Ctp localizes to the centrioles in neuroblasts  
To investigate the subcellular localization of Ctp, I generated a transgenic Ctp 
construct with a Venus tag at the N-terminus and expressed Venus-Ctp in the 
neuroblasts. In addition to its cytoplasmic and mitotic spindle localization, Ctp 
localizes predominantly at centrosomes labeled by ɣ-Tub (Fig 41A, B). I also 
observed that Ctp localized weakly at astral microtubules, which is consistent 
with my finding that Ctp is important for the formation of astral microtubules in the 
neuroblasts (Fig 41C).  
To confirm the localization of Ctp on centrosomes, I examined Venus-Ctp 
localization in Drosophila spermatocytes where the centrosomal structures are 
Figure 40: Asymmetric proteins are segregated properly in ctp mutant 
neuroblasts. Telophase neuroblasts in wild type (wt, A) and ctp
exe6
/Df(1)JC70 
mutants (B) are labeled for aPKC (in red), Pon (in green) and DNA (in blue). 
Scale bar, 1 µm.  
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ten times larger than those in somatic cells.  During prophase of meiosis in 
sperm genesis, paired centrioles appear as two rods that joined by the PCM 
which localized at the center of the V-shape (Fig 41D). At the same stage, 
Venus-Ctp was expressed at the distal ends of centrioles, excluding from the 
PCM that was labeled by ɣ-Tub (Fig 41D), this suggested that Ctp localizes to 
the centrioles during cell division. Moreover, Venus-Ctp was found to co-localize 
with centriolar protein Sas4 in the non-dividing brain cells or GMCs, where the 
centrosomes lack PCM components (Basto et al., 2006a). Thus, I concluded that 
Ctp localizes to the centrioles in neuroblasts. 
 
4.2.3 Ctp is not important for centrosome duplication in neuroblasts 
One of the fundamental functions of centriolar proteins is the centrosome 
duplication during cell division. I wondered whether centriolar localization of Ctp 
would affect the centrosome duplication in the neuroblasts. I examined the 
localization of centriolar protein Asl (Fig 42B), Ana2 (Fig 42D) and PCM 
components Centrosomin (CNN, Fig 42J), D-TACC (Fig 42F), ɣ-Tub (Fig 42D) 
and Mini Spindles (Msps, Fig 42H) in ctpexe6 mutant larval neuroblasts. These 
proteins were localized properly in ctpexe6 mutants, compared to wild type (Fig 
42A, C, E, G, I), implying that Ctp is not required for centrosome duplication in 
the neuroblasts. 
 
4.2.4 Centriolar localization of Ctp is important for its function in regulating 
neuroblast spindle orientation 
Figure 41: Ctp predominately localizes to the centrioles in neuroblasts. 
UAS-Venus-Ctp is overexpressed by insc-Gal4 in A-C or tubulin-Gal4 in D.  γ-
tubulin (γ-Tub, in red) and DNA (in blue) are used to label the neuroblasts in 
A-C or spermatocytes in D. Inset in D is enlarged view of centrosome in 




A few centrosomal proteins have been implicated to play a significant role in 
regulating neuroblast spindle orientation (Basto et al., 2006a; Gonzalez, 2007; 
Giansanti et al., 2001). To test whether the centriolar localization of Ctp is 
responsible for its function in controlling neuroblast spindle orientation, I 
generated a Venus-tagged membrane-targeted form of Ctp containing the CAAX 
prenylation motif (Hancock et al., 1989). When CtpCAAX was driven in the 
neuroblasts, it localized uniformly at the cell cortex with no detectable localization 
on centrosomes or spindles (Fig 43A, A’). Overexpression of CtpCAAX failed to 
rescue the spindle orientation defects in ctpexe6 mutant neuroblasts (Fig 43B, B’). 
In contrast, overexpression of Venus-Ctp wild type could fully rescue the spindle 
Figure 42: Ctp is not important for centrosome duplication in neuroblasts. 
(A-B) Ubiquitin-YFP-Asl (in green) is expressed in control (YFP-Asl, A) and 
ctp
exe6 
mutants (B). (C-D) Ana2 (in red), and γ-tubulin (γ-Tub, in green) are 
labeled in wild type (C) and ctp
exe6 
mutants (D).  (E-J) Wt (E, G, I) and ctp
exe6 
mutants (F, H, J) neuroblasts are labeled for DTACC (E, F), Mini Spindles 
(Msps, G, H) and Centrosomin (CNN, I, J). DNA is stained in blue for A-J. 
White dashed lines indicate outlines of cells. Scale bar, 1 µm.  
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mis-orientation phenotype in ctpexe6 mutant neuroblasts (Fig 43C, C’). This 
suggested that the correct localization of Ctp at centrioles is critical for its 
regulation on spindle orientation in the neuroblasts. 
 
4.2.5 Centriolar localization of Ctp is Ana2 dependent 
Based on the observation that Ctp localizes at centrioles and regulates mitotic 
spindle orientation, I wondered whether it can directly interact with any centriolar 
component. A suitable candidate is Anastral Spindle 2 (Ana2), a centriolar 
protein that was analyzed in our group for its function in spindle orientation 
(Wang et al., 2011). Loss of Ana2 resulted in neuroblast overgrowth and severe 
spindle orientation defects, and in ana2 mutants, the centrosomal proteins were 
undetectable (Wang et al., 2011). Venus-Ctp co-localized with Ana2 at 
centrosomes (Fig 44A, A’). Ana2 could be detected in ctpexe6 mutant larval brain 
neuroblasts (Fig 42D), consistent with the previous observation that centrosomal 
structures in ctp mutants are not affected (Fig 42). However, overexpression of 
Venus-Ctp in ana2 mutant background resulted in loss of the centriolar 
Figure 43: Centriolar Ctp is important for its function in neuroblast 
spindle orientation. (A-B’) Venus-Ctp
CAAX
 is expressed in control (B, B’) and 
ctp
exe6 
mutants (C, C’) under insc-Gal4 driver. Metaphase neuroblasts are 
labeled for Baz (in white), α-Tub (in red), CNN (in blue) and pH3 (in blue). (C-
C’) Venus-Ctp is expressed in ctp
exe6 
mutants under insc-Gal4 driver. 
Metaphase neuroblasts are labeled for Insc (in red), α-Tub (in white) and DNA 
(in blue). Scale bar, 1 µm. 
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localization of Ctp (Fig 44C). This suggested that the centriolar localization of Ctp 
is Ana2 dependent.  
 
4.2.6 Ctp directly interacts with Ana2 in vitro and in vivo 
To test whether Ana2 could interact with Ctp to regulate neuroblast spindle 
orientation, Co-immunoprecipitation (Co-IP) in S2 cells transfected with Myc-
Ana2 and HA-Ctp was firstly conducted in S2 cells. Anti-Myc antibodies were 
used to pull down HA-Ctp from S2 cells lyses, and the immunoprecipitates were 
probed with anit-HA antibodies. As shown in Fig 45D, HA-Ctp could be 
specifically pulled down when immunoprecipitating with Myc-Ana2. Likewise, in a 
reciprocal experiment, Myc-Ana2 could also be immunoprecipitated by HA-Ctp 
(Fig 45D). This suggested that Ctp and Ana2 are present in the same protein 
complex. To explore whether Ana2 and Ctp can physically interact, yeast two-
hybrid (Y2H) was performed using full-length (FL) Ana2 and Ctp. Either using FL-
Ana2, or FL-Ctp as bait, FL-Ctp, or FL-Ana2 could be preyed strongly in Y2H 
assay (Fig 45A, C). The binding affinity is as high as the strong interaction control 
in Y2H system, suggesting that Ana2 does interact with Ctp directly.  
Figure 44: Centriolar localization of Ctp is Ana2 dependent in neuroblasts. 
Venus-Ctp is overexpressed in control (A, A’ and B) and ana2
169/719
 mutants (C) 
neuroblasts under insc-Gal4 driver. (A, A’) Ana2 (in red) and DNA (in blue) are 
labeled for the neuroblasts in A and A’. (B-C) α-tubulin (α-Tub, in red) and DNA 
(in blue) are labeled for the neuroblasts in control (B) and ana2
169/719
 mutants 




    Dynein Light Chain is considered as a dimerization hub to its binding partners 
(Barbar, 2008).  Drosophila Ana2 contains a coiled-coil region (200-274 amino 
acids [aa]) and a 90-amino acid STiL/ANa2 (STAN) motif at C-terminus, which is 
a conserved region to mammalian STiL protein family (Stevens et al., 2010). To 
investigate whether the coiled-coil domain and STAN motif in Ana2 are important 
for its interaction with Ctp, I generated a few truncated Ana2 constructs with and 
without coiled-coil domain or STAN motif (Fig 45B; Ana2 N1: 1-274 aa; Ana2 N2: 
1-200 aa; Ana2 C1: 275-420 aa; Ana2 C2: 201-420aa; Ana2 coiled-coil: 201-274 
aa). Ctp could interact with Ana2 Coiled-coil, Ana2 N1, Ana2 N2 and Ana2 C2 
intensively, but not Ana2 C1 (Fig 45A, C). These results indicated Ana2 coiled-
Figure 45: Ctp interacts with Ana2 directly.  (A) A summary of interactions 
between Ctp full length (FL) and various Ana2 proteins based on yeast two 
hybrid assays. (B) Schematic of truncated Ana2 constructs used in A. (C) 
Yeast two-hybrid assay between Ctp FL and various Ana2 constructs. The 
results are compared to interaction control and no interaction control provided 
by yeast two-hybrid systems and summarized in A. (D) Co-IP of in S2 cells 
expressing HA-Ctp and Myc-Ana2. IPs are performed using anti-HA or anti-
Myc antibodies. Western blots are performed using anti-Myc, anti-HA, and 
anti-Mud antibodies. +++ indicates a very strong interaction, - indicates no 




coil domain is sufficient but not necessary for interaction with Ctp; nevertheless, 
Ana2 STAN motif is not necessary for the binding between Ana2 and Ctp.  
 
4.2.7 The localization of Mud in neuroblasts 
Mud regulates mitotic spindle orientation in neuroblasts and localizes at both the 
apical cortex and centrosomal regions at metaphase (Fig 46A) (Izumi et al., 
2006). NuMA, the mammalian counterpart of Mud, interacts with Dynein/Dynactin 
complex and mediates the organization of spindle poles (Bowman et al., 2006). 
Therefore, we proposed that this interaction might be conserved in Drosophila. 
First, I investigated the centrosomal localization of Mud in mitotic cells in 
spermatocytes. At this stage, centriolar protein YFP-Asl co-localized with PCM 
protein γ-Tubulin, however, Mud appeared at the spindle poles and spindle 
microtubules, not overlapping with either YFP-Asl or γ-Tubulin (Fig 46B). 
Furthermore, Mud was undetected in the non-dividing brain cells or GMCs (Wang 
et al., 2011). These data suggested that Mud localizes to the spindle poles, 
besides its apical localization at metaphase in the neuroblasts. 
 
4.2.8 Ana2, Ctp, and Mud form a protein complex to function in controlling 
neuroblast asymmetric cell division 
To examine whether Ana2, Ctp and Mud could function in the same pathway, we 
investigated whether they could interact with each other. Mud is a large protein, 
and the full-length cloning of Mud is unstable (Izumi et al., 2006). Therefore, a 
Figure 46: The localization of Mud in Drosophila neuroblasts and 
spermatocytes. (A) Mush body defect (Mud, in red), CNN (in white) and DNA 
(in blue) are stained in wild type metaphase neuroblasts.  (B) Mitotic 
spermatocytes overexpression YFP-Asl (in green) is labeled for Mud (in red), 
γ-tubulin (γ-Tub, in white) and DNA (in blue). Insets are enlarged view of 
spermatocytes. Scale bars, 1 µm in A; 5 µm in B. 
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few truncated Mud constructs were generated to test their interactions with Ana 
or Ctp by Y2H assay. Both N-terminal Mud (1-1126aa) and C-terminal Mud 
(1537-2457aa) could interact with Ana2 while N-terminal Mud (1-1126aa) but not 
C-terminal Mud (1537-2457aa) interacted with Ctp. Ana2 or Ctp failed to bind to 
Mud (1825-2547aa), a known domain of Mud that interacts with Pins (Johnston 
et al., 2009).  In addition, Mud can be pulled down by either co-
immunoprecipitation with Myc-Ana2 or HA-Ctp in S2 cells (Fig 45D). These data 
indicated that Ana2, Ctp and Mud could form a protein complex.  
    The localization of Venus-Ctp or Ana2 was not affected in mud mutants, 
whereas Mud was delocalized in ctp or ana2 mutants (Wang et al., 2011), 
Figure 47: A working model. Ana2, Ctp and Mud form a protein complex to 
regulate the spindle orientation of neuroblasts. (A) Ana2 and Ctp bind to Mud 
at the centrosomal regions in neuroblasts, and they are also important for the 
apical localization of Mud independent of the apical Pins/Gαi complex. (B) The 
localization of Ana2, Ctp and Mud in mitotic neuroblasts. 
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suggesting that Ana2/Ctp might function upstream of Mud.  In ctp mutant 
neuroblasts, 32% (n=100) of centrosomes detached from the spindle poles at 
metaphase. Similar centrosomes/spindle poles disengagement phenotype was 
observed in ana2 or mud mutants (Wang et al., 2011), implying that 
Ana2/Ctp/Mud is important for the engagement between centrosomes and 
spindle poles. Moreover, ctpexe6 mud1 double mutants displayed more severe 
Figure 48: Dynein Heavy Chain regulates neuroblast self-renewal and 
spindle orientation. (A-B’) Type I neuroblasts MARCM clones from control 
(MARCM driver, A, A’) and dhc64
4-19
 (B, B’) mutants are labeled for Dpn (in 
blue), Ase (in red) and CD8-GFP (in green). Neuroblasts in the clones are 
indicated by arrows. Clones are outlined by white dotted lines. (C-D) Baz (in 
red), CD8 (in green) and DNA (in blue) are labeled for the neuroblasts in control 
(C) and dhc64
4-19
 mutants (D) MARCM clones. Insets are the whole view of the 
clones in C and D. (E-F) Schematic diagrams for the type I neuroblast lineages 




spindle mis-orientation phenotype compared to either single mutant in 
neuroblasts (Wang et al., 2011). These data illustrated that Ana2, Ctp and Mud 
formed a complex to regulate spindle orientation and centrosome/spindle pole 
engagement in neuroblast asymmetric division.  
 
4.3 Discussion 
4.3.1 Ctp is an important player in neuroblast mitotic spindle orientation 
Previous studies in induced polarized S2 cells implied the involvement of the 
dynein/dynactin complex in regulating the spindle orientation in neural stem cells 
(Siller and Doe, 2008). However, the role of dynein light chains during neuroblast 
asymmetric division was unknown. I identified a cytoplasmic dynein light chain, 
Cut up (Ctp) as an important player to regulate neuroblast asymmetric division. 
Ctp was isolated from an RNAi screen, and it caused mitotic spindle orientation 
defects upon attenuation by RNAi in neuroblasts. Similar spindle mis-orientation 
phenotype in a ctp null mutant ctpexe6 was observed. The mis-alignment between 
mitotic spindles and asymmetrically localized protein (for instance, Insc) could be 
fully rescued by overexpressing a Venus-tagged-Ctp in ctp mutant background, 
confirming that Ctp plays an important role in controlling spindle orientation in 
neuroblasts. The asymmetric localization of polarized proteins is not affected in 
ctp mutant neuroblasts, implying that Ctp is not important for polarized 
distribution of these proteins. However, no obvious neuroblast overgrowth 
phenotype was observed in ctp mutant larval brains. This might be due to the 
correction of proper spindle orientation at telophase in the cells, termed as 
“telophase rescue”, an unknown mechanism also observed in other described 
mutants like pins- (Yu et al., 2000). Consistently, asymmetric proteins were 
properly segregated in ctp mutant telophase neuroblasts, suggesting that spindle 
orientation is corrected at the late stage of cell division in ctp mutant neuroblasts. 
Thus, Ctp regulates neuroblast asymmetric division mainly through mitotic 
spindle orientation.  
 
4.3.2 The role of the dynein complex in neuroblast self-renewal 
Ctp is one of the light chains of a multi-protein dynein complex and loss of ctp 
function will not disrupt dynein function completely. Therefore, we tested whether 
disruption of dynein heavy chain could result in any phenotype in neuroblasts. In 
104 
 
dhc64C4-19 mutant MARCM clones, it displayed neuroblast overproliferation as 
well as mitotic spindle orientation phenotypes (Fig 45), suggesting that dynein 
complex does control neuroblast self-renewal and neuroblast asymmetry.  
 
4.3.3 The localization of Ctp in neuroblasts 
Ctp is highly expressed in Drosophila embryonic CNS, indicated by an enhancer 
trap line and RNA in situ hybridization (Dick et al., 1996). However, the 
localization of any dynein light chain has not been investigated in the neuroblasts 
previously. To examine its localization in neuroblasts, I generated a transgenic 
Ctp construct containing a Venus tag at its N-terminus and overexpressed it in 
the larval brain neuroblasts. Besides the cytoplasmic and spindle localization, 
Venus-Ctp localized predominantly at centrosomes, revealed by a few 
centrosomal markers such as Ana2, Sas4 and CNN. Further analysis of Venus-
Ctp localization in testes or non-dividing cells showed that it localized at 
centrioles. Thus, I reported for the first time that a component of the cytoplasmic 
dynein complex is localized to centrioles in Drosophila neuroblasts.  More 
interestingly, this localization is necessary for Ctp in controlling neuroblast 
spindle orientation as overexpression of Venus- CtpCAAX, in which Ctp is 
expressed throughout the cell cortex without detectable centrosomal localization, 
could not rescue spindle orientation defects in ctp mutant background. These 
data suggested that centriolar Ctp regulates mitotic spindle orientation in 
neuroblasts. 
 
4.3.4 Ana2 and Ctp interact with each other directly  
A centriolar protein Ana2 has been identified through a genetic screen in our 
group. Loss of Ana2 resulted in severe mitotic spindle defects in neuroblasts and 
supernumerary neuroblasts, without affecting any asymmetric proteins 
localization (Wang et al., 2011). Ana2 and Ctp directly interact with each other, 
based on the Y2H assays and Co-IP experiments. The centriolar localization of 
Ctp, which is important for its function in regulating spindle orientation, is 
dependent on Ana2. These data suggested that Ana2/Ctp forms a protein 
complex to control spindle orientation in neuroblasts.  Ana2 is essential for 
organizing centrosomes, and anchors Ctp at centrioles for its proper functions 
during spindle orientation.  
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  The functional domains on Ana2 sequence were unknown previously. To 
analyze the functional region of Ana2 that is responsible for interacting with Ctp, 
Y2H assays were conducted using a few truncated Ana2 constructs and FL-Ctp. 
Two domains of Ana2, including the coiled-coil domain (201-274 aa) and Ana2 
N1 (1-200 aa, without the coiled-coil domain), can interact with Ctp independently. 
The conserved STAN motif, which localizes at C-terminus on Ana2 sequence, is 
not important for the interaction between Ana2 and Ctp, as Ana2 C2 (275-420aa) 
is unable to bind to Ctp. Further analysis of these truncated Ana2 in vivo 
demonstrated that Ana2 N1 (1-274 aa) is sufficient for its functions in centrosome 
assembly and spindle orientation in neuroblasts (Wang et al., 2011).  
  
4.3.5 Ana2/Ctp/Mud complex regulates neuroblast spindle orientation  
Mud localizes at the apical cortex and centrosomal regions in neuroblasts, and 
mitotic spindle mis-orientation phenotype was reported in mud mutants (Izumi et 
al., 2006; Bowman et al., 2006). I showed that Mud localizes at spindle poles 
rather than centrosomes because Mud did not co-localize with YFP-Asl or γ-
Tubulin in mitotic spermatocytes. Moreover, Mud could interact with Ana2 and 
Ctp directly, revealed by Y2H assays and Co-IP experiments.  Similar 
centrosome/spindle pole disengagement and spindle mis-orientation phenotypes 
were found in ana2, ctp or mud mutant neuroblasts (Wang et al., 2011). These 
findings illustrated a protein complex composed of Ana2, Ctp and Mud that could 
regulate neuroblast mitotic spindle orientation.  
  Mud localization on the apical cortex and spindle poles was largely affected in 
ana2 or ctp mutant neuroblasts, indicating the Mud functions downstream of 
Ana2/Ctp complex.  Apical Pins is a key regulator for the spindle orientation in 
neuroblasts, and it binds to Mud to maintain its apical localization (Siller et al., 
2006). However, the localization of Pins is not affected in either ana2 or ctp 
mutant, suggesting that Ana2 and Ctp regulate Mud localization independently 





CONCLUSION AND PERSPECTIVES 
Drosophila neuroblasts have emerged as an excellent model to study neural 
stem cell self-renewal and asymmetric division. Many regulators that function in 
Drosophila neuroblast asymmetric division have been shown to play conservative 
roles during mammalian neurogenesis (Homem and Knoblich, 2012; Gonzalez, 
2013). Taking advantages of the advanced fly genetic tools and resources, I 
described and analyzed two novel protein complexes that play critical roles in 
neuroblast self-renewal and asymmetric division. 
In Chapter 3, I illustrated an E3 ligase complex consisting of Cul1, SkpA, 
Roc1a and Slimb regulates neuroblast self-renewal. Attenuation of Cul1, or SkpA, 
or Roc1a by RNAi knock-down or mutations in neuroblasts leads to neuroblast 
overproliferation phenotypes in larval brains or MARCM clones, implying an 
important role of SCF in inhibiting neuroblast overgrowth. Moreover, among the 
35 F-box proteins tested (see Table 4 in Chapter 3), Slimb is the only one 
responsible for maintaining neuroblast homeostasis, indicating the specificity of 
the roles of the SCFSlimb complex in neuroblast self-renewal. Unlike the previously 
studied E3 ligase APC/cyclosome, which regulates basal adapter Mira and its 
cargo proteins in neuroblasts, reduction of the activity of SCFSlimb by mutants 
resulted in delocalization of aPKC/Numb and spindle mis-orientation phenotypes. 
This suggests that the SCFSlimb complex modulates neuroblast asymmetric 
division through regulating cell polarity and spindle orientation. In agreement with 
the phenotypes caused by the mutants of SCFSlimb, I showed that Loss of Nedd8, 
a positive regulator that is critical for the activity of SCF E3 ligases, resulted in a 
neuroblast overgrowth phenotype and asymmetric division defects in neuroblasts.  
Together, these data indicated that SCFSlimb is a novel protein complex that 
maintains neuroblast homeostasis in Drosophila.  
In cul1 mutant neuroblasts, I observed a severe mitotic spindle mis-orientation 
phenotype that a significant percentage (13%, n=90) of neuroblasts had a 90⁰ 
mis-alignment between the spindles and the apicobasal polarity, which could 
result in the mis-segregation of the asymmetric proteins at telophase and 
subsequently the production of two stem cell-like daughter cells from one 
neuroblast division. Consistently, 5.4% of telophase neuroblasts in cul1 mutants 
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displayed a mis-segregation of aPKC and Numb phenotype, indicating that 
neuroblasts in cul1 can divide symmetrically. More directly, I conducted an in vivo 
time-lamps experiment using Ubi-α-Tub to outline the shape of neuroblasts in 
cul1 mutants. 22% of neuroblasts recorded in cul1 mutants generated two equal-
sized daughter cells in one neuroblast division, suggesting that these neuroblasts 
divide symmetrically and are likely to generate two daughter cells with the same 
identity. These observations imply that the symmetric division in cul1 mutant 
neuroblasts is a causal explanation for the neuroblast overgrowth phenotype. 
I noticed that aPKC is delocalized throughout the cell cortex in cul1 mutants, a 
phenomenon that is observed in several mutants displaying neuroblast 
overgrowth phenotype. In addition, aPKC loss-of-function could significantly 
suppress the neuroblast overproliferation phenotype in cul1 mutant larval brains. 
These results suggested that Cul1 inhibits neuroblast self-renewal through acting 
upstream of aPKC. 
    The UPS regulates protein degradation in the cells during various cellular 
processes such as cell growth, cell cycle, controlling of gene expression, cell 
death and stress response. Given the critical roles of the E3 ligase in neuroblast 
self-renewal, I further investigated whether the Drosophila E1 Uba1 and E2s play 
a role in regulating neuroblast asymmetric division. Loss-of-function mutations in 
Uba1 or Eff lead to neuroblast overproliferation phenotypes in the clones. Similar 
to SCFSlimb, Uba1 and Eff affects the asymmetric localization of aPKC/Numb and 
the spindle orientation in neuroblasts, implying that they function in the same 
fashion to inhibit neuroblast self-renewal.  Moreover, I examined the functions of 
16 Drosophila E2 genes in neuroblast self-renewal by RNAi knock-down or 
mutations; Eff is the only one that plays a crucial role in repressing neuroblast 
overgrowth, indicating the specificity of the UPS in maintaining neuroblast 
homeostasis. Therefore, I demonstrated that Drosophila E1, E2 and SCFSlimb E3 
enzymes control neuroblast self-renewal in a cell-autonomously manner.  
    To investigate whether SCFSlimb regulates neuroblast self-renewal through its 
ubiquitin ligase activity, I examined the roles of SAK kinase, a well-known 
substrate of SCFSlimb and Drosophila Akt, a potential substrate of SCFSlimb in 
neuroblast asymmetric division. I prove that Akt directly associates with SCFSlimb 
and is a novel substrate of SCFSlimb in neuroblasts. Overexpression of SAK in 
neuroblasts caused spindle mis-orientation phenotype while hyper-activation of 
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Akt led to neuroblast overgrowth as well as asymmetric division defects in 
neuroblasts, indicating both SAK and Akt regulate neuroblast asymmetric division. 
Loss of akt or sak function could significantly suppress the neuroblast 
overproliferation phenotype in cul1 mutant larval brains, implying that SCFSlimb 
functions upstream of Akt and SAK to control neuroblast self-renewal.   
    There are six Cullin family proteins in Drosophila, and previous studies have 
shown they could regulate the same signaling pathways via different 
mechanisms. Given the important roles of Cul1-based E3 ligase in neuroblasts, it 
will be worth investigating whether other Cullin proteins are involved in regulating 
neuroblast asymmetric division. In addition, I showed that ectopic expression of 
Akt could result in asymmetric division defects in neuroblasts. Akt is the key 
factor in the conserved PI3K/Akt pathway that participates in many cellular 
processes such as glucose metabolism, apoptosis, cell proliferation and 
transcription. Therefore, investigating whether this pathway could regulate 
neuroblast self-renewal will be of great interest.  Moreover, I showed that Akt and 
SAK, as two substrates of SCFSlimb, functions downstream of the SCFSlimb 
complex to regulate neuroblast self-renewal. Loss of either Akt or SAK could 
partially repress the neuroblast overgrowth phenotype in cul1 mutants.  It is likely 
that SCFSlimb can target some other regulators that play a role in controlling 
neuroblast asymmetric division. Thus, it is worth identifying the potential 
substrate of SCFSlimb during neuroblast asymmetric division. Furthermore, given 
the evolutionary conserved functions of mammalian SCFβ-TrCP and Drosophila 
SCFSlimb, it is reasonable to investigate whether SCFβ-TrCP could regulate the 
neural stem cell homeostasis and asymmetric division in mammalian systems.  
    In Chapter 4, I described a Drosophila cytoplasmic dynein light chain Ctp as a 
novel player to regulate neuroblast spindle orientation. In the absence of Ctp, 
neuroblasts displayed randomized spindle orientation. I further demonstrated that 
Ctp localizes to the centrioles in the neuroblast, besides its cytoplasmic and 
spindle localization. Centriolar Ctp is important for its functions in spindle 
orientation and could directly interact with the centriolar protein Ana2 in 
neuroblasts. Ana2 and Ctp could bind to Mud and act upstream of Mud to 
regulate neuroblast spindle orientation. Therefore, these results suggested a 
multi-protein complex composed of Ana2, Ctp and Mud controls spindle 
orientation in neuroblasts. 
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    The interaction between the apical protein complexes and centrosomes is 
thought to be critical for proper spindle orientation in neuroblasts. Nevertheless, 
very little is known regarding the regulators and mechanisms in this process. 
Mud localizes at both the apical cortex and spindle poles in neuroblasts, and we 
showed that Mud could direct interact with the centriolar protein Ana2 and the 
cytoplasmic dynein component Ctp. Therefore, Mud is likely to be the key protein 
functioning in both the apical cortex and centrosomes, and it is extremely 
interesting to investigate the dynamics of Mud between the apical cortex and 
centrosomal regions during neuroblast asymmetric division. The results in 
Chapter 4 suggest that Mud might be a direct cargo protein of the dynein 
complex, which could transport Mud from the apical cortex toward centrosomes. 
Nevertheless, how Mud is transported from centrosomes to the apical side in 
neuroblasts remains unclear. Moreover, Ctp is one of the light chains of a multi-
protein dynein complex; it is likely that other components play a redundant role in 
regulating neuroblast asymmetric division. Therefore, it is worth examining the 
functions of the other components of dynein complex in neuroblast asymmetric 
division. In addition, Ctp is one of the cytoplasmic dynein chains that highly 
conserve throughout the animal kingdoms. Thus, it is worth examining whether 
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